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BEHAVIOR OF MATERIALS UNDER CONDITIONS OF THERMAL STRESS!
By S. 8. Mansox

SUMMARY

A review is presented of available information on the behavior
of brittle and ductile materials under conditions of thermal
stress and thermal shock. For brittle materials, a simple formula
relating physical  properties to thermal-shock resistance is
dertved and used to determine the relative significance of {wo
indices currently in use for rating materials. The importance
of simulating operating conditions in thermal-shock testing s
deduced from the formula and is experimentally illustrated by
showing that BeO could be either inferior or superior to AlLO,
1 thermal shock, depending on the testing conditions. For
ductile materials, thermal-shock resistance depends upon the
complex interrelation among several metallurgical variables
which seriously affect strength and ductility. These variables
are briefly discussed and illustrated from literature sources.
The importance of simulating operating conditions in tests for
rating ductile materials is especially to be emphasized because
of the importance of testing conditions in metallurgy. A num-
ber of practical methods that have been used to minimize the
deleterious effects of thermal stress and thermal shock are
outlined.

INTRODUCTION

When a material is subjected to a temperature gradient
or when a composite material consisting of two or more
materials having different coefficients of expansion is heated
either uniformly or nonuniformly, the various fibers tend to
expand different amounts in accord with their individual
temperatures and temperature coefficients of expansion.
To enable the body to remain continuous, rather than allow-
ing each fiber to expand individually, a system of thermal
strain and associatod stiesses may be introduced depending
upon the shape of the body and the temperature distribution.
If the material cannot withstand the stresses and strains,
rupture may occur.

Brittle and ductile materials react in considerably different
manners to thermal stress. Brittle materials can endure
only a very small amount of strain before rupture; ductile
materials can undergo appreciable strain without rupture.
Since thermal stress behavior depends essentially on the
ability of the material to absorb the induced strains necessary
to maintain & continuous body upon the application of a
thermal gradient, brittle materials cannot readily withstand

1 Supersedes NACA TN 2033, “Behavior of Materials Under Conditlons of Thermal Stress” by S, 8. Manson, 1953,

sity of Michigan, June 27-28, 1952,

these superimposed strains without inducing enough stress
to cause rupture; ductile materials, on the other hand,
can usually withstand these additional strains, but may
ultimately fail if subjected to a number of cycles of imposed
temperature.

The problem of thermal stress is of great importance in
current high-power engines. The present trend toward in-
creasing temperatures has necessitated the use of refractory
materials capable of withstanding much higher tempera-
tures than normal engineering materials. One salient prop-
erty of these materials is lack of ductility. For this reason,
thermal stress is one of the most important design criteria
in the application of these materials. Thermal stress is
also currently receiving considerable attention in connection
with ductile materials since there is considerable evidence
that failure of many ductile engine components can be at-
tributed to thermal cycling. The problem of high-speed
flight, with attendant increases of temperature and temper-
ature gradients in aircraft bodies, has further generated
concern over the significance of thermal stress in ductile
materials,

Thermal stress and thermal shock may be distinguished
by the fact that in thermal shock the thermal stresses are
produced by transient temperature gradients, usually sudden
ones. For example, if & body originally at one uniform tern-
perature is suddenly immersed in a medium of different
temperature, a condition of thermal shock is introduced.
At any instant the stresses are determined by the tempera-
ture distribution and are no different from what they would
be if this temperature distribution -could be obtained in the
steady-state condition. But the temperature gradients that
can be established in the transient state are generally much
higher than those that occur in the steady state, and hence
thermal shock is important relative to ordinary thermal
stress because of the higher stress that can be induced.
Another distinction between thermal stress and thermal
shock is that in thermal shock the rate of application of
stress is very rapid, and many materials are affected by the
rate at which load is applied. Some materials are em-
brittled by rapid application of stress and therefore may not
be able to withstand a thermal shock stress which if applied
slowly could readily be absorbed.

Based on lecture presented at Symposium on Heat Transfer, Univer-
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Fieure 1.—Nondimensional stress versus nondimensional time for
surface of flat plate.

It is also necessary to distinguish between a single cycle
of thermal stress and thermal fatigue. When failure is
caused by the application of several similar thermal stress
cycles, rather than a single cycle, the process is referred to
as thermal fatigue. The processes that take place in 2 body
in successive cycles of stress application are extremely com-
plex; the mechanism leading to cyclic failure is as yet in-
completely understood. In most of the basic work, there-
fore, attention is directed at the conditions under which
failure will occur in one cycle merely because this case lends
itself to analysis. The problem of thermal fatigue is, of
course, a most important one in engineering application.

The objectives of this presentation are: First, some of
the information contained in recent publications on the
mathematics of thermal shock will be outlined, and a simple
formula will be derived for correlation of thermal shock be-
havior with material properties. Second, the variables in
the simplified relation will be examined and from it methods
for minimizing thermal stress will be deduced. For brit-
tle materials the single-cycle criterion of failure will be
considered; for ductile materials the discussion will be
directed at available information on the problem of thermal
fatigue.

THERMAL SHOCK OF BRITTLE MATERIALS AS DEDUCED
: FROM STUDY OF FLAT PLATE

" Gemeral equation for stress.—In order to make the dis-
cussion specific, the case considered is that of a homogeneous

s

flat plate initially at uniform temperature and suddenly im-
mersed in a medium of lower temperature. This case is
treated because the temperature problem of the flat plate
is well known, and because most of the recent publications
on the thermal stress problem also consider this case (for
example, refs. 1 and 2). There is, therefore, a considerable
background of information from which to draw results and
with which to make comparisons. Furthermore, most of
the one-dimensional problems can be treated in essentially
the same way as the {lat plate problem treated herein, and
therefore any important conclusions that pertain to the flat -
plate are probably also valid. for other shapes, provided
that the necessary changes are made in the constants. Note
also that in this case the temperature problem is one-dimen-
sional; that is, in the flat plate, temperature variations will
be considered only in the thickness direction. The problem
is treated in this way because there are relatively few two-
dimensional problems solved in the literature and also be-
cause the qualitative conclusions reached in the flat plate
problem are believed to apply to more complicated cases.
The first problem in connection with the flat plate is to
determine the temperature distribution at a time ¢ after the
surrounding temperature has been changed. Once this
temperature has been determined, the stresses can readily
be determined in accordance with very simple formulas
derived from the theory of elasticity. Assuming that the
properties of the material do not vary with temperature and
that the material is elastic, the following equation can be
written for the stress at any point in the thickness of the plate:

*__Tau—‘T . ’
o=t (1)

Physically, ¢* can be considered as the ratio of the stress
actually developed to the stress that would be developed if
thermal expansion were completely constrained. The for-
mula for ¢* is

«_o(1—u)
= EaT, @
where
o actual stress
m Poisson’s ratio
E  elastic modulus
@ coefficient of expansion

T., average temperature across thickness of plate

T  temperature at point where stress is considered

T, initial uniform temperature of plate above ambient
temperature (ambient temperature assumed to be
zero for simplicity) ‘

Stress at surface.—In order to obtain the surface stress,
it is therefore necessary first to determine the average tem-
perature and the surface temperature. The temperature
problem has been thoroughly treated in the literature and the
result is usually given in the form of an infinite series. In
figure 1 are shown the results of some computations that have
been made by substituting the exact series solution for
temperature into the stress equations. ‘
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In the exact solution there are three important variables.
First is the reduced stress, already mentioned, and second,

the value g which is equal to %c@ (where @ is the half thickness

of the plate, A is the heat-transfer coefficient, and £ is the
conductivity of the material). The heat-transfer coefficient
is defined as the amount of heat transferred from a unit
area of the surface of the plate per unit temperature differ-
ence between the surface and the surrounding medium. The
variables @, , and k always occur as a group as a result of the
manner in which they appear in the differential equation;
therefore, in the generalized treatment of the problem it is
not the individual value of a, %, or £ that is of importance
but their value as grouped together to form the term 8. The
term 8 is generally known as Biot’s modulus, but in the
present discussion it will be called th® nondimensional heat-
transfer parameter. The third important variable is g,
which will be called nondimensional time. As shown,

= ];22 where £ is again the conductivity, ¢ is the time, a 1s the
o

half thickness, p is the density of the material, and ¢ is the
specific heat. In this figure the nondimensional stress at the
surface has been plotted as a function of nondimensional time
for various examined values of nondimensional heat transfer.
This plot contains the essentials of the entire solution of
surface stress in the flat plate problem; the attainment of
further relations of interest is just a matter of replotting.
Maximum stress at surface.—It is of interest to consider
the maximum surface stress as a function of B. Inreferences
I and 2 the maximum stress is analytically determined by
suitable approximations of the series solution. For ex-
ample, Bradshdw (ref. 1) considers only small values of g,
for which all but the first two terms of the series may be
omitted. The maximum stress is then obtained by setting
the derivative of stress with time equal to zero. Accurate
results are thus obtained, but they are valid only for small
values of 8. Since figure 1 gives the complete variation of
stress with time, it is not necessary to differentiate; the
maximum value of stress may be read directly from the curve
for each value of 3, and the results will be correct over the
complete range of 3 rather than only in certain intervals. A
plot of ¢*,,, versus 8 is shown in figure 2. From this curve
1t is seen that the variziion of nondimensional maximum
stress with 8 is roughly linear for small values of B8 but
becomes asymptotic to a value of unity at very large values
of B. :
In order to obtain a simple formula for the curve of figure
2, an approach first used by Buessem (ref. 3) will be used;
but by somewhat more general assumptions, a more accurate
formula will be obtained. This derivation is obtained with
the use of figure 3. In this figure the center line represents
the center of the plate; the two solid vertical lines represent
the surfaces of the plate. Ordinates measure temperatures.
The temperature distributions through the thickness of the
plate at several different times ¢, ¢, ty, t; after the sudden
application of cold atmosphere are shown by the curves

.

PQ, P’Q’, ete. These curves must fit two boundary condi-
tions: (1) At the eenter they must have a horizontal tangent
because the center of the plate is a line of symmetry, and
no heat is transfeired across the center line; (2) at the
surface the slope must be in accord with the surface heat-
transfer coefficient, which is equivalent to the condition that
the tangent to the curves at the surface pass through the
fixed point O representing the ambient temperature which
has been taken equal to zero. These temperature distribu-
tions must also satisfy the differential equations of heat
transfer, which is achieved by adjusting certain constants so
that the final result will be consistent with the curve of
figure 2, which of course does satisfy the differential equation.

It is assumed that the temperature curve can be fitted by
an equation of the form

Ty =M (g) 3)

where
T:,. temperature at center of plate at time when stress at
surface is a maximum, as vet undetermined

M, n constants to be best determined to fit theoretical

results
7 —
L
6 /
5 /
T/
N
R
b
2
A
0 r 8 120 6 20

B

FiGURE 2.—Analytical solution of nondimensional maximum stress
versus nondimensional heat transfer.



Center
line

Q

-

l.e

¢

N
\\
i
X
N
N
N
AN
AN
2
S

7o lemperature

_‘)"\{
o

| P —
k |
i h | a :
’ Plate _____
A thickness

T =T 'M('bi)ﬂ

BT,
M =m'—c (surface boundary condition)

ox=t2c . n_ B _FRB
To n+l Ben B+n
|

| n
o™ /?+/$'B

L 453 (Buessem, ref. 3)

FrgurE 3.—Formula for maximum stress at surface of plate (from ref. 3)

As long as n>>1, this equation will automatically satisfy
the first houndary condition of horizontal tangency at x=0.
L T . .
If the surface condition—#k (%) =hT,, is to be satisfied,
a

the condition of equation (4) must be satisfied

M="22 4)

s oomtae n B
0 maz™ TO nt1 B+n (5)
or, if R=£2'°—: equation (5) readily reduces to
1 1, n1
G*MM—R'FR' 3 (6)
Equation (6) suggests that a plot of 0*1 against % should be
maz

a straight line. When values of ¢*n,, and 8 from figure 2
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. 1. . L
+— against = in figure 4 is obtained. It
0 maz g

is seen that for %>0.2 or B< 5, a very good straight line can

are used, the plot

be fitted to the curve; the equation of this line is given by

1 3.25
a*mu—1.5+ 3

In the region .1/8<0.2 (i. e., 8>>5), the curve deviates
somewhat from the straight line, curving downward and
reaching a limit ¢*=1.0 at 1/8=0 instead of a value of 1.5
predicted by the straight line. To make the formula sccu-
rate over the entire range, it is desirable to add a term that
will be effective only in the very low range of 1/8 and cause
the expression to reach the proper limit at 1/8=0. An
exponential term serves this purpose well over the entire
range of 8; therefore, the following equation relates 8 and o*:

for <5 )

1 3.25
=1.5
U*maz 0+ 6

—0.5¢719/8 (8)

Figure 5 shows the correctness of it of equation (8) and the
exact results over the range 0<{8<(20. For values of 8 be-
tween 0 and 5, the exponential term is negligible and the fit
of the exact results with equation (7) is essentially the same
as the fit with equation (8). No refined calculations have
been carried out for values of 8 above 20, but a comparison
of equation (8) with an asymptoti¢ formula given by Cheng
(vef. 2) indicates that equation (8) may be in error by as
much as 5 percent at a value of §=200. However, since
most practical problems involve values of 8 below 20, equa-
tion (8) is seen to give results of unusually good accuracy
over the practical range of 8. If, however, greater accuracy
is desired in the range of 8 from 5 to 20, the formula

1 3.25
—=1.0+

0 maz 32/3

(8a)

30

20

*
VO max
o

N\

(021

0 | 2 3 4 5
1/B

Fi1cUre 4.—Relation between 1/8 and 1/6¥mq-.
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Fieure 5.—Correlation of approximate formulas with exact solution
for maximum stress.

can be used in this range together with equation (7) in the
range 0<8<(5. Equaiisn (8) has, however, the advantage of
representing the entire range of 8 with a single formula.

In his original paper (ref. 3) Buessem derived a simplified
formula for this case in another manner. It was assumed
that the stress could be approximated by taking the tempera-~
ture distribution in the plate at the time of maximum stress
as the straight line PQ in figure 3. Determining first the
surface stress for this temperature distribution and then
adjusting the resultant formula so that it was consistent with
the correct surface stress values at two values of 8 gave the

following equation:
1 4
===

© 0 mez 8

9

Equation (9) is very similar in form to equation (7), but it
does not fit the correct curve of o* against 8 quite so well as
equation (8) over the entire range of 8. Figure 5 shows the
degree of correlation between analytical results of figure 2
and the simple formulas given in equations (7) and (8). Also
shown is the correlation obtained with the Buessem formula,
which, although very good, is not so close as that with the
formulas presented herein.

Thermal shock parameters.——Use can now be made of the
approximate formulas to correlate the maximum stress
developed in a material with the physical properties of ma-
terials. In most cases, the value of 8 for reasonable heat-
transfer coefficients, plate thicknesses, and conductivities
is relatively low, so that the term 1.5 in equation (7) can be
neglected compared with the value 3.25/8 for practical
purposes. In this case, equation (7) becomes equation (10),
which can be rewritten as equation (11).

“*-z".‘* (10)

or
ko 03.25 (1—u)

To="g, ok (11

When failure occurs, ome.=0,=breaking stress; hence,

25 (1 —

Ty i 325 (L) (112)
This equation states that for a flat plate of thickness a and
heat-transfer coefficient 4, the maximum shock temperature
that can be withstood by the plate is proportional to the
product koy/Ee. Since Poisson’s ratio u is very similar for
all materials, it is placed in the group of terms not involving
material properties. This grouping ke,/Ea is identified as
the thermal shock parameter used by Bobrowsky (ref. 4)
and by others. Equation (11) gives a numerical measure of
shock temperature that will cause failure and provides the
basis for an index for listing materials in order of merit.
Table I shows results of tests conducted in reference 4 show-
ing the order of merit of several materials according to the
thermal shock parameter ko,/Ex. These tests consisted of
subjecting a round specimen 2 inches in diameter and ¥ inch
thick to thermal shock cycles until failure occurred. In this
cycle the specimen was first heated to furnace temperature
and then quenched in a stream of cold air directed parallel
to the faces of this specimen. If the specimen survived 25
cycles at one furnace temperature, the furnace temperature
was increased 200° F and the tests were repeated. In this
way the temperature was raised until failure finally occurred.
The table shows that a good correlation was obtained
between the maximum temperature achieved and the thermal
shock parameter ko,/Eo. '

When equation (8) is again considered, it is seen that for
very large values of g the value 3.25/8 can be neglected
compared with the other terms and o*,,, becomes equal
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to unity. It is interesting to examine the meaning of
. 6*ns=1 and to determine under which conditions ¢*p.,=1
is achieved. The condition of 6%, =1 means that

EoT
T maz= liuo (12)

The product a7, is the contraction in the material that
would take place if the temperature were reduced by T,
and the material allowed to contract freely. If contraction
is completely prevented by application of stress, then aT
is the elastic strain that must be induced in the material
to prevent this contraction, and this strain multiplied by the
elastic modulus becomes the stress that must be applied.
The term (1-u) results from the fact that the problem is for
an infinite plate in which equal stresses are applied in two
mutually perpendicular directions. In this case EaT,/(1—u)
is the stress that must be applied in two perpendicular direc-
tions to completely prevent any contraction in the material.
Hence, for very large values of ah/k, equation (8) states
that the stress developed is just enough to prevent any ther-
mal expansion. To obtain an index of merit for rating mate-
rials under the conditions of very large B, equation (12) is
rewritten as equation (13), which suggests that this index
is now op/Fo; and it is seen that the conductivity factor has
vanished compared with the index koy/Ea.

To, =5 (1) (13)

The implication-is that the value of the conduetivity of the
material does not matter; the temperature that can be with-
stood is in proportion to o»/Fa. Physically, this result can
be understood by examining the meaning of very large 8,
which condition can oceur either if @ is very large, if A is
very large, or if k is very small. If ¢ is very large, it means
that the test body is very large and that the surface layers
can be brought down to the temperature of the surrounding
medium before any temperature change occurs in the bulk
of the body. The surface layers cannot contract because
to do so they would have to deform the remainder of the body,
and this cannot be achieved for a very large body. Hence,
in this case, complete constraint of contraction is imposed,
and the stress developed is EaTy/(1—p) irrespective of the
actual value of conductivity. Similarly, for large heat-
transfer coefficients h, the same result can be expected.
The surface is brought down to the temperature of the sur-
rounding medium before the remainder of the body has had
the time to respond to the imposed temperature difference.
Hence, again complete constraint of contraction is imposed,
and the stress developed is independent of conductivity.
Finally, if the conductivity is very small, again only the
surface layers can realize the imposed thermal shock condi-
tions, the remainder of the body remaining essentially at
the initial temperature. Again, complete constraint against
thermal contraction is imposed and the stress is independent
of the precise value of %, provided it is very small,

104
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Fraure 6.—Index of merit for different shock conditions.

That there are two thermal shock parameters at the two
extremes of the 8 scale, koy/Ea and ¢,/Ee, has recently been
emphasized by Bradshaw (ref. 5). That both thermal
shock parameters are necessary to determine completely
the thermal shock resistance of a material has been empha-
sized by Buessem. The merit of equation (8) is that it
provides a simple formula for determining the relative roles
of the two parameters over the compléte range of 8.

Significance of test conditions.—The previous result,
namely, that the index of merit is proportional to ke,/Ex
for low values of 8 and proportional to ¢,/E« for high values
of B, suggests the importance of the test conditions used to
evaluate materials. In figure 6 there is plotted the temper-
ature that could be withstood in the test specimens described
in reference 4, and shown in table I, for different values of
ah, that 1s, if specimen thicknesses or heat-transfer coeffi-
cients had differed from the values actually used. These
curves were obtained from equation (8) in conjunction with
the material properties given in table I. It is seen that at
the low values of ah, the test condition actually used being
represented at a value of ah=approximately 10, the order
of merit of the materials, that is, the temperatures which
could be withstood without failure, is in agreement with
the experimental observations. For higher values of ah
the index of merit can be reversed. For example, at an ah
of 80, zircon becomes better than beryllium oxide, and for
even higher values of ¢k beryllium oxide, which was quite
good at the low values of ah, becomes the poorest of all the
materials. This reversal is due to the fact that beryllium
oxide has outstandingly good thermal conductivity, and
that at the low values of ah, the index of merit takes advan-
tage of this good conductivity. At the higher values of ah,
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Freure 7.—Thermal shock tests of BeO and AlQs.

the effect of the good conductivity gradually diminishes
until at very high values the high thermal conductivity has
no beneficial effect at all.

The importance of the possibility of reversal of merit
index should be emphasized because it strongly suggests
that the test conditions should simulate as closely as pos-
sible the intended uvse of the material. If, in order to obtain
more rapid failure and thereby to expedite the testing pro-
cedure, more drastic conditions are imposed than the true
application warrants, the order of merit of materials can be
reversed, and the results rendered meaningless. The results
of simple tests recently conducted at the Lewis laboratory
will serve as experimental verification. The tests were
conducted on specimens of beryllium oxide BeO and alumi-
num oxide Al;O; under two conditions of quench severity.
All specimens were disks 2 inches in diameter and ¥ inch
thick and were quenched on their outer periphery while the
sides were insulated. Air and water sprays were used as
the quenching media. Figure 7 shows the analytical and
experimeuntal results. The curves show the variation of
thermal shock resistance with quench severity for the two
materials. These curves were obtained from equation (8)
in conjunction with material properties listed by Bradshaw
(ref. 5). For BeO these properties were appreciably differ-
ent from those given in reference 4; hence, the curves for
.BeO in figures 6 and 7 are different. However, Bradshaw
presents data for both BeO and AlLQO;, and these data seem
better to illustrate the experimental results. It isseen from
tigure 7 that for low values of ak, BeO is superior to ALO;,
but that for severe quenches BeO becomes distinctly inferior.
This behavior is due, as previously mentioned, to the high
conductivity of BeO, which is of value in improving thermal
shock resistance primarily for mild quenches. At the severe
quenches Al,O; assumes superiority owing primarily to its
better relative breaking strength. The experimental results
are shown in the insert in the upper right section of figure 7.
In the air quench the superiority of BeO is evidenced by
the fact that it withstood any temperature less than 1425°
F, while the Al,O, failed at 1000° F. In the water quench
BeO became inferior to Al;O, failing when quenched from
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800° F, while Al,O; withstood quenching until the tempera-
ture was 950° F. Because the actual air and water temper-
atures just before impingement on the specimens were not
known, the true quench temperatures are not determinable,
but qualitatively these tests certainly indicate the impor-
tance of quenching conditions on the determination of the
relative merit of materials in their resistance to thermal shock.

Another interesting aspect of these tests is that the cross-
over point P between the two curves occurs very near the
flat part of the Al,O; curve, at which point the BeO curve is
still fairly steep. In these tests, the quenching conditions
must have been in the region of the crossover point, because
actual reversal of index of merit was observed. This may
explain why the failure temperature did not change much in
the two types of quench for the Al,Os;, but appreciable change
was observed for the BeO. Again, however, this conclusion
must be considered very qualitative because the temperatures
of the air and the water were not known.

Stress at center of plate.—Thus far only the maximum
stress developed at the surface of the brittle plate has been
discussed, and also it has been tacitly assumed that the du-
ration of the thermal shock was sufficient to allow the maxi-
mum stress to be developed. For quenching from a high
temperature, the surface stress is tensile, and in general,
failure occurs at the surface. In the case of rapid heating,
rather than rapid cooling, the surface stress is compressive,
and surface failure may occur as a result of spalling, or as a
result of the shear stress induced by the compression. TFail-
ure may, however, occur first not at the surface but at the
center of the plate, where the largest tensile stress is de-
veloped. An important case is that in which the duration
of the shock is not sufficient to allow the stress at the center
to reach a maximum. Under this condition, the relative
index of merit of materials of different conductivity depends
on a criterion different from those already discussed; this
criterion will now be explained.

A series of materials will be considered having similar
geometry and identical physical properties except for thermal
conductivity. It is desired to determine the center stress
developed in a given time for each of these materials. The
conventional plot of ¢* against 6 for given values of 8, as
used in figure 1, does not serve the present purpose because
both 6 and 8 are functions of conductivity; hence, an exami-
nation of this type of plot does not readily reveal the sig-
nificance of conductivity. The type of plot that best demon-
strates the point is shown in figure 8. Here the dimension-
less stress of o* at the center of the plate is plotted against
the product 88. This product is also nondimensional, but
since 8 varies directly with conductivity and 8 inversely with
conductivity, the product is independent of conductivity
and, for given A, p, @, and ¢, assumed to be the same for all
materials; the horizontal scale depends on time only. The
different conductivities do, however, correspond to different
values of 8 (=ah/k), and for the sake of denionstration three
conductivities are shown having relative values 1, 2, and 10,

" or relative 8 values of 10, 5, and 1, respectively. It is to be
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noted that the peak value of stress is lower the higher the

 conductivity, but that in the range of very low time, the

curve for the material with the high conductivity lies above
curves for materials with lower conductivities. Hence, if
the surrounding high-temperature medium is allowed to act
on the surface for only a short time, the tensile stress at the
center will reach a higher stress the higher the conductivity.

The exact relative merit of the materials with different
conductivities depends on the exact heating time. Thus, in
figure 8 time ranges can be determined for which each ma-
terial is superior to the others, and likewise time ranges can
be found wherein each material is inferior to the others.
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It thus appears that, at least under certain conditions, good
conductivity can be a detriment rather than an asset. A
simple physical explanation for this phenomenon can readily
be given: In the poor conductors only the fibers very nea
the surface are affected by the applied heating for the first
very short interval of shock application. High stresses are
thus induced in the surface, but these stresses are compres-
sive and may not cause failure. The induced tensile stress
at the center is low because the high compression of only a
few fibers must be counteracted by the main bulk of the
plate. For the better conductors the effect of the surface

heating is felt much more rapidly throughout the plate.
The compressive stress at the surface may be lower at a given
time, but more fibers are under compressive stress, and hence
the induced tensile stress at the center is higher. The exact
relative merit of materials with different conductivities de-
pends upon the exact heating time, and no simple general
formula has been found. Also it must be recognized that
in the limit the trend must be reversed. Obviously a material
with infinite conductivity must be the most desirable because
in such a material no temperature gradients could be estab-
lished, and no thermal stresses developed.

Bradshaw (ref. 1) discusses the condition in which poor
conductors may have merit in connection with short-burning
rockets. The application in this case is to a hollow cylinder,
but the concepts involved are the same. Bradshaw, how-
ever, cites a very important point, namely, that in the poor
conductors the surface temperatures may approach the melt-
ing point of the material even though the tensile stress at
the center is lower than for the better conductors. The selec-
tion of an optimum material involves many considerations
which must be studied in analytical detail before a final
decision can be reached.

Temperatures at time of maximum stress.—One final
consideration of interest to be discussed is the temperature
distribution at the time of maximum stress. Consideration
is again directed to the surface, and in figure 9 are shown the
ratios of surface temperature to initial temperature and of
average temperature to initial temperature as functions of 8.
Especially in the region of g from 0 to 1.0, which embraces a
great many practical applications, the ratios are quite high.
The maximum stress thus occurs when the temperature at
the surface and the average temperature have not been re-
duced appreciably. From an analytical standpoint this
result is of great importance because the physical properties
of the materials considered often vary drastically with tem-
perature. In particular, conductivity may undergo a many-
fold change from room temperature to temperatures of the
order of 2000° F. Deciding what conductivity to use in
computations is therefore difficult. In the caleulation of
temperatures and stresses, it might be tempting, for purposes -

“of simplification, to use the conductivity at a mean tempera-

ture between the initial value and that of the quenching
medium. In view of the fact that the surface and mean
temperatures are still quite high when the maximum stress
is reached, however, this application would give incorrect
results. The mean value to be used is that between the
initial temperature and the temperature at the time of max~
imum stress. For example, if 8 is 0.4, the conductivity as-
sumed should be the value at approximately 90 percent of
the value at the higher temperature.

APPLICATION TO DUCTILE MATERIALS

The previous discussion was limited to brittle materials.
In brittle materials the fact that stress is proportional to
strain makes an analytical treatment possible; and the fact
that failure can be achieved in one stress cycle makes it pos-
sible to obtain valid experimental results for correlation with
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theory. When ductile materials are considered, the problem
becomes much more complex. First, stress is no longer pro-
portional to strain and therefore the stress equations cannot
readily be solved. Only a few problems involving plastic
flow of ductile materials under thermal stress have been
solved in the literature. Second, it is rarely possible to ob-
tain failure in one cycle. The failure process is a progressive
one and material deterioration occurs during and in between
applications of thermal shock. The metallurgy of the mate-
rial becomes a predominating factor. Thus, with ductile
materials the data are usually presented in the form of num-
ber of shock cycles withstood under a given set of conditions.
As previously mentioned, thermal fatigue is very complex in
brittle materials; it is even more complex in ductile materials
as o result of metallurgical changes associated with plastic
flow. In discussions of the thermal shock of ductile mate-
rials, reference can therefore be made only to the factors
that are believed to be important. Even a determination of
the pertinent variables should represent progress, however,
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since there are at present no critical tests in the literature
that clearly define the role of these variables.

THERMAL CYCLING MODEL

One of the mechanisms associated with the ultimate
failure of ductile materials in thermal cyeling is plastic flow.
The role of the plastic flow process can be outlined by con-
sidering a very idealized problem. The practical cases
differ appreciably from the idealized problem, and later, the
deviations of this model from the practical cases will be
discussed.

In figure 10 is shown a bar fixed at its ends between two
immovable plates so that the length of the bar must remain
constant. This bar is assumed to be gradually cooled and
heated between various temperature limits. Also shown in
figure 10 is a hypothetical stress-strain curve for the material.
It is assumed that the material is ideally plastic; that is,
its stress-strain curve consists of a straight line up to the
yield stress and further yielding occurs at a constant stress.
Thus, in figure 10, stress is. proportional to strain along the
line OA and further strain takes place at stress o, until
rupture occurs when the strain is P. Let it be assumed that
at the start of the process the bar is unstressed in the hot
condition, and it is subsequently gradually cooled. The bar
is taken as stress-free in the heated condition in order to
induce tensile stress during the first stage of the process.
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If it were not constrained at its ends the bar would contract
. freely, and there would be no stress. Because of the con-
straint there must always be induced in the bar a strain
a Ty equal to the thermal expansion, and the stress will depend
on this strain and on the stress-strain curve. As long as
aTy is less than the strain A the stress is elastic, and analysis
would proceed just as if the material were brittle. If the
cycling temperature range is widened so that the thermal
strain is equal to the strain at A, still no plastic flow would
occur; and when the temperature is subsequently increased
to its initial value, the stress would fall off to zero.

If, however, the cycling temperature range is increased to
induce a thermal strain equal to that at B, the stress de-
veloped will be the yield stress, and plastic flow of an amount
AB will be introduced during the first cycle of temperature
reduction. When the temperature is again raised to its
initial value the stress will fall along a line BC'C.  Some time
during the temperature increase the condition of the bar
will be represented by C’, where there is no stress but the
strain is still not zero. When the initial temperature is
finally reached the condition of the bar will be represented
by point C—that is, zero strain and compressive stress OC,
resulting from the fact that the free length of the bar had
been increased by plastic flow by an amount AB. Subse-
quent cycling over this temperature range would cause
the material to cycle between the points C and B and an
indefinite number of cycles could be obtained without further
plastic flow.

If the temperature difference of cycling produces a thermal
strain twice the elastic strain, that is, the strain at D is
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twice the strain at A, then cycling will occur between D and
E, that is, between yield stress in tension and the yield stress
in compression. (For simplicity, the yield stress in compres-
sion is here assumed to be equal to the yield stress in tension.)

~ After the first cycle an indefinite number of cycles could be

applied without further plastic flow.

Finally, consider an applied temperature difference such
that the thermal strain is greater than twice the elastic
strain, for example, point F. As the cooling cycle is applied
the stress is first increased along the line OA and elastic
strain occurs; then plastic flow occurs by an amount AF.
As the specimen is subsequently heated it unloads elastically
along the line FG. At G it still has not achieved its initia

- length because the strain is EG; and therefore as the tempera-

ture is brought back to the initial value, plastic flow at
compression occurs by an amount EG. During the second
cycle the stress first changes from the compressive yield
stress at E to the tensile yield stress at D and then further
tensile plastic flow DF occurs. On the second unloading
cycle the material proceeds elastically from F to G and
flows again in compression from G to E. Every cycle there-
fore induces in this bar plastic flow in tension of an amount
DF and subsequently an equal amount of compressive
plastic flow. This alternate compressive and plastic flow
ultimately leads to failure of the material.

The question is the number of cycles of this kind that this
material will withstand. A first estimate might be that the
total amount of plastic flow in the material be equal to the
initial amount of plastic flow that it could withstand in a
conventional tensile test, that is, when the sum of DF and
GE multiplied by the number of cycles is approximately
equal to DP. This, however, would not be in agreement
with the experimental behavior of materials. It has been
found experimentally that the compressive plastic flow GE
essentially improves the material so that even the sum of
just the tensile components of plastic flow is greater than
the ductility initially available in the conventional tensile
test. That is, the summation of the DF values is greater
than the strain DP. There is little quantitative information
in the literature even on the simple problem of the amount -
of alternate plastic flow a material can withstand. A
simple assumption can, however, be arrived at by a con-
sideration of the data in a report by Sachs and coworkers
(ref. 6). In this investigation 24S-T aluminum alloy was
alternately stretched and compressed by the constant strain
values and observation was made of the number of cycles
that could be withstood before failure occurred.

Figure 11 shows typical results obtained in this investiga-
tion. The ductility remaining in the material after successive
applications of cycles of 12-percent tension and compression
is shown on the vertical axis; the number of cycle applica-
tions, on the horizontal axis. The remaining ductility, after
application of various numbers of cycles of alternating strain,
was measured by subjecting a precycled specimen to a
conventional tensile test in which ductility was measured.
It is seen that the alloy had an initial ductility of 37 percent.
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After a 12-percent strain in tension and a 12-percent strain
in compression were applied, the remaining ductility was
reduced to 30 percent, a reduction less than that which would
have been induced by just the 12-percent tension had not the
compression followed. Similarly, it will be seen, each
successive cycle reduced the remaining ductility by an
amount less than 12 percent, and when the remaining
ductility was less than 12 percent the specimen failed upon
the succeeding application of the strain cycle.

A plot of the data contained in reference 6 leads to the
relation

N=K]/e"

where
K proportionality constant
N number of cycles of plastic strain +e
n exponent in the neighborhood of 3
€ plastic strain

The number of cycles is thus inversely proportional to
approximately the cube of the strain per cycle.

A table can be prepared for the relative number of cycles
that a material might be expected to withstand in the thermal
fatigue type of test previously described. A material having
the following properties will be considered (see fig. 10):
a= 107° per °F, £=30X10° pounds per square inch, and
0,=100,000 pounds per square inch. The elastic strain
that this material can withstand is 0.0033 inch per inch. As
previously described, no cyclic plastic flow will occur until
the imposed thermal strain is twice this elastic strain or,
from the previously given values, until «T=0.007, or until
the temperature is of the order of 700° F. It is now assumed
that the imposed cycling is between 0 and 1000° F, 0 and
1200° F, 0 and 1400° F, 0 and 1600° F, and 0 and 1800° F;
and the number of cycles will be determined in each case.
These computations are as follows:

Nug=K (1000X10~5—0.007)"*
Nizge=K (1200X1073—0.007)"3
Nupo=K (1400 X 1073—0.007)"*
Nigoo=K (1600X1075—0.007)~3
Nigeo=K (1800X 10~%—0.007)~3

Since these equations involve a constant X which is not
known, only the relative number of cycles for each temper-
ature can be determined. The results are shown in table IT.
If the number of cycles from 0 to 1000 is taken as a base
line, the number of cycles for the 0 to 1200° F temperature
range is reduced by a factor of 4.7; the temperature range
from 0 to 1400° F results in a reduction factor of 12.6; from
0 to 1600° F', the reduction is by a factor of 27; and from 0 to
1800° F, the reduction is by a factor of 49. :
Similarly, if the number of cycles at any other teinperature
range is used as a reference, the reduction in number of cycles
for a higher temperature range is also shown in the table.
The importance of this table is qualitatively to point to the
drastic reduction in number of cycles to failure resulting
from increasing the temperature range of cycling. Reference
will later be made to some experimental results in the litera-

(14)

ture showing the importance of the effects of cyclic temper-
ature range on the number of cycles.

IDEALIZATIONS IN THERMAL CYCLING MODEL

The foregoing analysis was idealized in many ways. First,
the case treated was that of complete constraint; that is, no
external expansion or contraction along the length of the
rod was permitted. The entire thermal expansion was
replaced by either elastic or plastic strain. Thus the prob-
lem represents a more severe case than most practical prob-
lems in which only partial constraint is imposed. (There
are, on the other hand, cases in which the imposed strain is
amplified as a result of geometric configuration, thereby im-
posing more severe conditions than complete constraint for a
given temperature difference. Such a case will be discussed
in a later section under “Size Effect.”) Furthermore, strain
hardening has been neglected, as was the fact that the stress-
strain curve is very much a function of temperature, so that
plastic flow occurs at different stress levels depending on the
temperature. Also the yield stress in compression is usually
different from the yield point in tension, and superimposed
upon this is the fact that most materials exhibit a Baus-
chinger effect—that is, plastic flow in one direction reduces
the stress at which plastic flow oceurs in the opposite direction.

Added to these deviations is the fact that the mechanism
of thermal shock failure may be different from that implicitly
assumed in the foregoing model. TFatigue is generally
thought of as a process of first initiating and then propagating
a crack until ultimate rupture occurs.  In the case of thermal
stress eyceling, the crack may not have to be initiated by the
plastic flow; rather it may either be inherent in the part or it
may result from metallurgical processes later to be discussed.
Thus the role of plastic flow may be limited in this case to the
propagation of the craclk; or it may not cven be necessary if
the crack propagates by another mechanism. Probably the
most important deviation of the practical case from the
idealized case is that due to metallurgical effects which will
now be discussed.

METALLURGICAL EFFECTS

During the thermal stress cycle, and between thermal
stress cycles, the material is subjected to a complicated stress
and temperature history that may cause metallurgical
changes in the microstructure. Mention will be made of
only several of the metallurgical processes that can occur.
The whole subject of high-temperature metallurgy is really
pertinent to this problem.

Aging.—Probably the most important action that takes
place during and in between thermal stress tests is that of
aging. Most high-temperature alloys in their use conditions
are not in metallurgical equilibrium. In fact, it is because of
their meta-stable condition that many alloys gain good high-
temperature properties. If the material is maintained at
high temperature, the tendency is toward rearrangement of
the microstructure in the general direction of equilibrium.
Thus, constituents that are in solid solution frequently tend
to precipitate, and in so doing, they may drastically change
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impact properties (from ref. 7).

the properties of the material. For example, they may
precipitate in the grain boundaries and in this case they can
reduce the ductility of the material, particularly in creep
loading. This precipitation may occur with or without the
application of stresses but generally stress tends to hasten the
action. TFinally, if the material becomes sufficiently em-
brittled, it may not be able to withstand even the small
amount of plastic deformation required in a single thermal
shock test. No careful investigations have, however, been
made directly toward ascertaining the significance of precip-
itation in the thermal shock test. Its possible significance
can be deduced by consideration of studies that have been
made on the importance of precipitation in other types of
mechanical tests. .

Figure 12 shows some pertinent results originally published
in the Russian literature and recently summarized by Sachs
and Brown (ref. 7). Plotted are the impact strengths of
three steels after they had been heated for certain periods
of time at 932° I while in both the stressed and unstressed
conditions. The impact strength has been found to be sensi-
tive to precipitation embrittlement in cases when other types
of tests miss detecting these effects completely. Note that
heating alone of the Cr-Ni steel for about 100 hours reduced
its impact strength tremendously. The presence of stress
during heating caused this steel to embrittle even further.
The Cr-Mo steel, on the other hand, showed little embrittling
effect due to heating alone, with some embrittling resulting
from the presence of stress. The stress was too low, however,

for any conclusive statements about the significance of
stress. The Cr-Ni-Mo showed an intermediate effect be-
tween the Cr-Ni and the Cr-Mo steel. Nickel is known to
be associated with temper brittleness, a phenomenon believed,
but not proven, to be associated with grain boundary pre-
cipitation; hence, it is seen that precipitation may render an
originally ductile material quite brittle. Of course, it would
then become more susceptible to failure in thermal stress.

The main lessons to be learned from figure 12 are the
importance of aging even without stress in reducing impact
strength, and the importance of chemical composition on
this effect. The aging need not take place during the thermal
stress—it may occur during normal operation between
thermal stress cycles. In laboratory thermal stress tests,
it may occur during the heating periods or during high-
temperature soaking—the important factor is time at tem-
perature to allow the metallurgical reaction to take place.
When the material is embrittled by all prior effects, thermal
stress application will finally cause rupture. Since tempera-
ture is the most important variable affecting the aging proc-
ess, any excessive temperatures introduced in order to
accelerate testing may produce foreign results.

As for the importance of chemical composition, the indi-
cation is that initial properties do not necessarily govern
thermal stress behavior. Thus the Cr-Ni steel had better
impact properties before aging than the Cr-Ni-Mo steel, but
aging had more drastic effect on the former steel. It is not
surprising, therefore, that some materials seem to perform
better in thermal stress tests when their conventional prop-
erties do not indicate any reason for the superiority.

Corrosion.—Another process that may reduce thermal
stress resistance is chemical attack, known otherwise as
corrosion, oxidation, and so forth. The surface of the material
is usually in contact with oxygen or other gas capable of
chemical reaction with the material. At the high tempera-
tures involved in thermal stress testing, oxidation or other
scales may form which are weak and brittle. Thermal shock
testing then becomes a test, not of the original material,
but of the resulting surface layer. Discontinuities formed
at the surface layer either by cracking of the surface or by
the disintegration of a corroded product act as a source of
stress concentration that induces and propagates further
cracks within the body of the material. In some cases the
corrosion consists not of the formation of a surface layer,
but of a diffusion into the body of the material. Hydrogen,
for example, because of its small atomic dimension, readily
diffuses into the grain boundaries of many materials, weak-
ening them and rendering them less capable of withstanding
thermal shock. The importance of intergranular attack is
indicated by the fact that so many thermal shock failures
are intergranular in nature.

Hot and cold work.—Thermal stress tests also embody
hot and cold working of the material because of alternate
thermal straining. This working is known to have impor-
tant effects on the strength of the material and its subsequent
properties. Figure 13 shows, for example, some results
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obtained by W. Seigfried of Sulzer Bros., Ltd., Winterthur,
Switzerland. In these tests the time to failure at 650° F was
observed for a series of specimens at various applied stress
lIevels. For smooth specimens the variation of life with
stress is shown by line A. For specimens with a notch the
variation of stress with temperature is shown by line B.
Smooth specimens were then prestrained at room tempera-
ture by applying either 10 or 20 percent torsional strain.
These specimens were then tested with or without notches,
with results as indicated in the figure. For the smooth bar
little reduction in life was observed, but for the notched
specimens a tenfold reduction in life due to the torsion was
observed, as shown by curve C.

The foregoing results are not directly applicable to analy-
sis of the thermal stress process. They are presented
merely to indicate that prior work can have an appreciable
effect on subsequent time-dependent strength. In this case
the effect is detrimental, although in many cases prior work
improves the material. The significance of the notch in this
case is that in thermal stress notches may bring out the
importance of the prior strain history, Again, these notches
may be design-incorporated, they may be due to corrosion
or intergranular attack, or they may be the result of the
early cracks formed in thermal stress testing.

Grain growth.—One of the effects of working is to render
the material subject to recrystallization. When grains are
broken up, energy is stored in the slip planes and in the grain
boundaries, and upon subsequent heating there is a tendency
for the material to recrystallize in order to achieve a state of
lower stored energy. In many cases the effect is to cause
grain growth. Figure 14 shows some data obtained by Rush,
Freeman, and White (ref. 8) on the grain growth in the high-
temperature alloy S-816 resulting from cold working. The
plot shows the grain size resulting upon solution treatment
at 2200° F as a function of the percent reduction per pass
during the working process. It is seen that if the percent
reduction per pass is approximately 0.75, which is a reason-
able amount of plastic flow associated with a thermal shock
cycle, the final grain size becomes A.S.T.M. minus 2 as
compared with the original grain size, A.S.T.M, 5. Grain
size A.S.T.M. minus 2 is such a large grain size that an
average turbine blade might contain only several such grains
per cross section as compared with approximately one
thousand grains per cross section for grain size A.S.T.M, 5.
Materials with high grain size generally have low ductility and
would not be expected to have high thermal shock resistance.

In general, & number of thermal stress tests described in the
literature indicated that there was no effect on the grain
size. However, observations have been limited, and atten-
tion is directed to this factor as only one of the many com-
plicated metallurgical processes that can occur,

Of greater importance, perhaps, is that accelerated tests
at excessively high temperatures may cause grain growth to
occur while operating conditions may not. Hence, an
accelerated test might give misleading results.

Residual stress.—Another process that occurs in connec-
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Frgure 13.—Effect of working on strength of steel.

tion with thermal stressis the development and the relaxation
of residual stress. As indicated in the previous simplified
description of thermal cycling, the stress in a thermal shock
test might be expected to oscillate between the yield point
in tension and the yield point in compression. However,
during and between the thermal shock tests, the temperature
constantly changes and residual stress introduced under one
set of conditions may be caused to relax under temperature
relief at another temperature. An example will later be
given of relaxation of initial residual stress in connection
with conventional fatigue tests at elevated temperatures.

The foregoing discussion represents only the more obvious
of the complicated mechanisms that can occur in a high-
temperature material during thermal stress testing. If the
metallurgical factor is accepted as being probably the most
important in connection with thermal shock behavior of
ductile materials, the significant conclusion to be reached
relates to the importance of conducting tests to simulate
actual operation. Metallurgical changes are very sensitive
to time and temperature. If, then, an attempt is made to
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alloy (from ref, 8).
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render the test more severe in order to expedite failure,
misleading results can be obtained because of the artificial
metallurgical effects induced by the artificial test conditions.

EXPERIMENTAL INVESTIGATIONS OF DUCTILE MATERIALS

In most published literature on thermal shock of ductile
materials, competitive materials are evaluated under a
given set of conditions. From an engineering viewpoint,
this is, of course, the most important type of test. From a
fundamental viewpoint, however, the tests reveal very little
information other than which material is better under the
specified conditions. Some of the investigations do, however,
lead to sighificant generalizations, and an attempt will be
made to outline these results. Some of these tests will
presently be discussed; others will be deferred until a later
section on practical aspects of the problem.

NOZZLE VANES

Thermal shock tests that have been conducted in connec-
tion with gas-turbine nozzle vanes will first be discussed.
The function of the nozzles is to direct hot gas at the proper
angle against the rotating blades, which normally operate at
temperatures in the neighborhood of 1600° or 1700° F. If

- for any reason combustion blow-out occurs, the gas is no
longer heated and arrives at the nozzle diaphragm very much
colder. The nozzle vanes are thus subject to thermal shock.
Likewise, 8 certain amount of thermal shock occurs every
time the engine is started because of the sudden application
of hot gas to the nozzle vane surfaces.

One of the earliest investigations on nozzle vanes was
published in 1938 in the German literature and was recently
described in a survey by Bentele and Lowthian (ref. 9).
Table III presents a summary of the results. The test
consisted of a l-minute heating cycle in & flame of gas and
high-pressure air followed by a 3-minute cooling cycle in
ambient air. These conditions do not simulate those asso-
ciated with current aircraft jet engines, but they were satis-
factory for the German application. Tests were conducted
at two heating temperatures: one at approximately 650° to
700° C, and the other at approximately 850° to 900° C.
The number of cycles under each of these two conditions is
given by N; and N,.  Under N, distinction is made between
failure due to distortion and failure due to cracking. These
tests pointed out two important things: first, that excessive
distortion is as important a type of failure as cracking, and
second, that great decrease in the number of cycles resulted
for an increase in test temperature of 200° C. As can be
seen, there is, on the average, a reduction factor of more
than 10 resulting from the temperature increase. This
result is qualitatively in agreement with the previously
presented simplified picture on the importance of temperature
and attendant plastic strain on the number of cycles to
failure. The high reduction factor may, in addition, be
due to metallurgical effects introduced by the higher test
temperature. Also of interest is the fact that the relative
merit of the various materials changed with the test tempera-
ture. For example, specimen number 1 was nearly the

best at the higher test temperature, whereas it was poorest
at the lower test temperature; on the other hand, specimen
number 2, which was nearly the best at the low temperature,
was one of the poorest at the high temperature. Further
analysis of the data indicated that there was no relation
between thermal shock resistance and ultimate tensile
strength at room temperature, or the creep properties at
1300° F. Two materials, with tensile stresses differing by
23 percent, had the same thermal shock resistance; while
two materials having practically identical creep charac-
teristics had, respectively, the largest and the smallest
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Ficure 15.—Apparatus for quenching thermal-shock specimens (from
ref. 10).

number of cycles to failure. These results point to the
complexity of the factors influencing failure by thermal-
shock and indicate the probable importance of the specific
metallurgy of the individual materials.

Another study of the thermal shock of nozzle blade ma-
terials was published recently in reference 10. The objective
therein was to evaluate six cast high-temperature alloys for
nozzle diaphragm application, and very extensive measure-
ments were made in an attempt to analyze and interpret the
data. Figure 15 shows the apparatus used in reference 10.
The specimens were cast into somewhat triangular shape as
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Freure 16.—~Deformation produced in specimens by thermal shock
(from ref. 10).

shown in the figure, the thin edge being %, inch wide. They
were first heated to a temperature of 1750° F and just the
edge of the specimen was quenched in a flowing water bath
maintained at a temperature of 40° F. The distortion of the
specimen was measured both before and after cracking.
Figure 16 shows a typical result obtained and indicates the
fair consistency of the data; figure 17 shows a summary of all
the results of the test. The distortion was measured as the
height of bowing of the specimen. Considerable progressive
deformation occurred after the initiation of the first crack.
Also, the materials which were capable of greater distortion
in the test lasted the largest number of cycles before break-
ing.

In order to analyze the results, the strains at fracture of the
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Ficure 17.—Composite curves for progressive deformation of six
alloys (ref. 10).

358127—55-—3

quenched thin edge were computed by assuming this edge
to be the chord of a circle. Figure 18 shows the observed
curvature in the specimens during cycling, and the assump-
tion of circular shape was experimentally verified by use of
an optical comparator. It was found that this strain was in
all cases less than the ductility measured in the room-tem-
perature tensile test. This result is to be expected for two
reasons: Iirst, the macroscopic strain is not a true measure
of the total elongation of the material. As previously de-
scribed in connection with the simplified model of the thermal
stress failure mechanism, the plastic strain in the body is
alternately tension and compression. In the case hypoth-
esized in the model, no macroscopic strain would ever be
measured since the ends were fixed for the very reason of pre-
venting external dimension changes. Failure after thermal
shock cycling occurs with low indicated ductility for the
same reason that fatigue failures show little ductility—what
plastic flow has occurred has been localized and alternating
in sign, so that there is little external manifestation of duc-
tility. A sccond reason that failure might have occurred
with less indicated ductility than is obtained in the tensile

INCGHES

€S-6149;

Froure 18 —Fpecimens before and after repeated thermal-shock
eveles.  Nore curvature produced by thermal stress (from ref.
10).

test relates to the high-temperature embrittlement already
discussed.

As a further analysis of the results, the reciprocal of com-
puted strain at fracture was plotted on logarithmic coordi-
nates against the number of cycles to fracture. The results
are shown in figure 19, from which the following relation was
obtained:

n=4198 =,! 318 (15)

where Z, is the measured strain in the thin edge at fracture.
This is an important result, but unfortunately it does not
present a criterion whereby materials can be evaluated
before this very type of test is performed. The strain
Z, bears no particular relation to the ductility of the material
as measured in a conventional test, nor does it bear any
known relation to any conventional physical property that
can be determined without performing this very type of
thermal shock test. Hence, there is no direct way of using
this relation to predict in advance which is the better material.
If the higher value of 2, is taken as an indication of greater
plastic flow before thermal fracture, the superior performance
in thermal shock may be considered as duc to the superior
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ability to undergo plastic strain under the conditions of
thermal shock loading. Just what property of the material
it is that imparts this superior ability to undergo plastic
deformation is not known. According to reference 10, it
might be impact resistance. Since an easily measured
parameter for correlation purposes was sought and since data
were available only on the room-temperature impact resist-
ance, these data were used for comparative purposes for a
rough correlation, which is shown in table IV. Of course,
the impact resistance that is of real importance is the impact
resistance after the material has been subjected to the com-
plicated thermal and mechanical history associated with this
particular testing procedure, which has already been dis-
cussed. It is necessary to follow up this lead on the signifi-
cance of impact resistance to verify the tentative conclusion
reached in reference 10. It is not, however, an unreasonable
conclusion since, as previously pointed out, the speed of
loading in the thermal shock test may be an important factor,
and this speed of loading is at least simulated in an impact
test.

The most significant finding of reference 10 was the indi-
cation of the radically different behavior of six materials
having, in the main, very similar mechanical and thermal
properties. Thus, although it is not reasonable to conclude
that neither the conventionally measured mechanical proper-
ties nor the thermal properties are significant in determining
thermal shock resistance, it might be said that these proper-
ties combine with a third and very important type of property
to produce an over-all thermal shock resistance. This
third type of property is probably the metallurgy of the test
material, as already discussed.

TURBINE DISKS

Another component of the gas-turbine engine which is
subject to thermal shock, or at least thermal stress, is the

disk which carries the rotating blades. The rim of the disk
is heated by contact with hot gas, as well as by conduction
from the rotating blades. The center, on the other hand, is
near bearings and cooling is generally employed in order to
protect these bearings. A high temperature gradient
therefore usually exists between the center of the disk and
the rim. This high temperature gradient produces very
large thermal stresses. Several investigations (refs. 11 and
12) were made to determine the significance of these thermal
stresses.

Temperatures.—In order to determine the stress, typical
temperatures were first determined. A turbine disk of early
design was instrumented with thermocouples as shown in
figure 20, and the engine was then operated in accordance

,~-Cooling vanes

,~-Shaft

Y,

Fiaure 20.—Thermocouple location for study of disk temperature
distribution (from ref. 11).
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with a cycle shown in figure 21. It was brought up to idle
speed of 4000 rpm in 1 minute, operated at idle speed for
4 minutes, then brought up in 15 seconds to a speed of 7500
rpm to simulate taxiing on the runway followed by a 2-minute
idling at 4000 rpm to simulate operation while awaiting
clearance for take-off. Finally, the engine was accelerated
as rapidly as possible to rated speed of 11,500 rpm to
simulate take-off conditions, and this engine speed was
maintained for 15 minutes.

The measured temperature distributions are shown in
figure 22. Along the abscissa is the disk radius in inches and
along the ordinate, the temperature in °¥. Each set of
curves represents the temperature condition at some time
after the start of engine operation. Three curves are shown
in each set. The lower curve in each case is the temperature
distribution along the face of the disk subjected to air drawn
in by cooling vanes. The main purpose of this air flow is to
maintain cool bearings. The upper curves show the radial
temperature distribution on the uncooled face of the disk;
the middle curves show the radial temperature distribution
in a plane through the center of the disk normal to the axis of
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Figure 21.—Take-off sequence for turbojet engine (fromx ref. 11).

rotation. At the end of 10 minutes, during which time the
engine was idling, the temperature at the hub of the disk was
90° T on the cooled side, 200° F in the center plane, and 400°
F on the uncooled side. As the engine was brought up to full
speed, the temperatures rose rapidly, as shown on these
curves. The maximum temperature difference between the
two faces of the disk reached 580° F at the end of 16 minutes.

Stresses.—Stress. calculations were made with all three
temperature distributions; for the present, those calculations
will be discussed which were made with the temperature dis-
- tribution on the cooled face of the disk because it represents
the most severe case. In figure 23 is shown a centrifugal
stress distribution in the disk at rated speed. These are the
radial and tangential stresses due only to rotation. At the
center of the disk, the stress is approximately 31,000 pounds
per square inch. In figure 24 are shown the radial and tan-
gential stresses with both the centrifugal and the thermal
effect taken into account. KEach curve shows the stress dis-
tribution at a different time after the start of the test; and for
clarity separate plots have been made of radial and tan-
gential stresses. It is seen that at the center of the disk the
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Figure 22.—Temperature distribution in turbine disk (from ref. 11).

stresses have been roughly doubled by inclusion of the
thermal effect. They are now approximately 70,000 pounds
per square inch. At the rim the stresses are very highly com-
pressive. After 16 minutes, the elastic compressive stress at
the rim is 120,000 pounds per square inch, which is much
higher than the yield stress. Hence, plastic flow must occur
in compression at the rim, calculations for which are shown in
ficure 25. After 16 minutes, owing to plastic flow, the stress
is reduced to the neighborhoed of 80,000 pounds per square
inch compressive at the rim but at the center it is still of the
order of 60,000 pounds per square inch tensile stress.
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Ficure 23.—Centrifugal stresses at rated speed (from ref. 11).
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While the plastic flow has reduced the operating stress, it
has introduced a new problem-—residual stress when the
engine is stopped. The free length of the rim has been effec-
tively shortened by the plastic flow, and upon return to
room-temperature conditions, the tendency of the remainder
of the disk to force the rim to its initial length induces tensile
stress. The computed residual stresses, again based on defor-
mation theory of plasticity, are shown in figure 26. In these
calculations the rim is assumed to be continuous; or, in effect,
a wheel with welded blades is considered. The dotted curve
shows the residual stress based on the computation of the
temperature distribution in the center plane of the disk, and
the dashed curve shows the residual stress distribution based
on the temperature distribution in the cooled side of the disk.
In either case, very high tensile stresses remain in the rim
aftey, engine stoppage. These high residual stresses coupled
with the possibility of stress concentrations associated with
blade fastenings may exceed the elastic limit of the material
and cause further plastic flow in tension. Upon subsequent
engine operation, plastic flow is in compression, and so on.
Every time an engine is operated, alternate compressive and
tensile plastic flow may take place. This plastic flow, to-
gether with metallurgical changes occurring as a result of
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Freure 24.—Elastic stresses for temperature distribution on cooled side
of turbine disk (from ref. 11).
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side of turbine disk (from ref. 11).

engine operating temperatures, may ultimately result in rim
failure.

Effects on rims with inserted blades.—The effect of the
thermal stress depends primarily on the design of the wheel.
Two types of designs have been used in this country, the most
popular of which has the fir-tree-type blade fastening. Figure
27 shows a close-up of such a blade attachment, as well as
cracks that occurred at the base of the attachment as a re-
sult of alternate tensile and compressive plastic flow. Such
cracks are not common in wheels with fir-tree attachment;
in fact, there has been no evidence of such failures in fir-trec
wheels until very recently. These particular cracks occurred
in connection with a program that required cycling between
idling and full power three times per hour. The wheel had
withstood nearly 1000 hours or 3000 cycles before these
cracks occurred. Note that these cracks occurred on the
cooled side where the temperature gradient and stresses were
at a maximum. When detected, the cracks had not yet
progressed through the thickness of the wheel to theuncooled
side. Even in wheels with fir-tree attachments, thermal
stress cracks can occur.

Other effects of thermal stress in fir-tree wheels relate to
blade loosening and tightening. When the blade is made of a
material having approximately the same, or a higher, co-
efficient of thermal expansion as the wheel, and when the
initial fit between blade and wheel is moderately tight, the
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Fieure 26—Residual stresses after operation (from ref. 11).

blades are generally found to be loose in their mounts after
they have once been run. This loosening is due to the fact
that compressive plastic flow in the rim has effectively
shortened the length of serrated segments of both blade and
wheel. Upon return to room-temperature conditions, the
tendency is for the blades to pull away from the wheel lands.
In the case of the welded blades, this is not possible because
the blades are an integral part of the wheel and therefore
tensile stresses result. In wheels with the fir-tree type of
blade, however, it is possible for the blades to pull away from
the wheel. Hence, in doing so they become very loose under
stationary conditions. They might tighten up, however,
upon returning to operating conditions.

In other instances fir-tree blades have become even tighter
in their mounts than when initially inserted. This fact was
at first considered strange in the light of the prior experience
of loosening already discussed. Upon investigation it was
found, however, that tightening occurred only when the co-
wefficient of expansion of the blade material was much lower
than the coefficient of expansion of the wheel material.
Thus, when the wheel is at operating temperature the blade
bases, which do not expand so much as the wheel lands, essen-
tially shrink away from these wheel lands. The compressive

stresses due to thermal temperature gradient in the disk have
to be absorbed, therefore, in the wheel region below the blade
fastening rather than in the blade fastening area, as when the
blades had approximately the same coefficient of expansion as
the wheel. Upon return to static conditions the plastic flow
causes the region immediately below the rim region to become
smaller then its initial size; the disk lands are thus pulled
somewhat in toward the center of the disk. The blades are
therefore tightened.

Effect on rims with welded blades.—In the case of wheels
with welded blades, not only is the full residual stress de-
veloped because the blades cannot pull away from the rim,
but there usually are present stress concentrations produced
by discontinuities between adjacent blades. Thermal crack-
ing has thus been a severe problem with such wheels. The
small rim cracks in figure 28 resulted from engine operation
with a typical early welded wheel. To prove that these
cracks were the result of thermal stress and not the effect of
rotation, the wheel was alternately induction-heated and
cooled to simulate engine temperature gradients without
rotation. Some of the cracks progressed appreciably, as
shown in the figure. Several potential remedies for rim
cracking of disks with welded blades will be discussed in a
later section. At the present time, the tendency has been to
abandon the welded blade construction in favor of the fir-
tree-type of attachment. This trend is partly due to prob-
lems of blade replacement in the field, but primarily it is
because of the problem of thermal cracking. '

Effect on bursting.—Thus far the effect of thermal stress
has been considered only in the rim region of the disk. The
question arises as to its importance at the center of the disk.
In the disk previously described, the stresses at the center
were roughly doubled by the presence of the temperature
gradient. It is conceivable that these thermal stresses may

cs-6152

Ficure 27.—Thermal cracks in turbine wheel with fir-tree blade
attachments,
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cause the disk to burst sooner as a result of overspeed. In
order to determine whether or not these thermal stresses
could affect the burst speed, an investigation was undertaken
on simple parallel-sided disks which were tested to destruc-
tion in a spin pit (ref. 12). With the deformation theory of
plasticity as a basis, the speed at which the disk with temper-
ature gradient would burst was computed and compared with
the speed at which the disk without temperature gradient
burst. It was found that very little effect should be expected.
Although the thermal stresses and the centrifugal stresses
were additive at the center of the disk at low rotative speeds
before plastic deformation, the thermal effect gradually
vanished as the speed was increased, provided the material
had appreciable ductility (say, over 3 percent). Near the
burst speed, the stress distribution in the disk with temper-
ature gradient was effectively the same as the stress distribu-

Ficure 28.—Cracks in welded turbine wheel after 15 induection heating
cycles (from ref, 11). :

tion without temperature gradient. Some of the results of
the computations are shown in figure 29.  Only the tangential
stress distribution is plotted because it best reflects the
thermal effect. The dashed curve shows the stress distribu-
tion for the centrifugal stress only; the solid curve shows the
total stresses including the thermal effect. It should be
noted that at the low speeds there is appreciable difference
between the two stress distributions; but as the burst speed
is approached the two stress distributions become practically
identical. When the plastic strain due to centrifugal stress
is large, it overshadows the thermal strain, and there is little
effect on stress distribution.

Figure 30 shows a comparison between experimental
results and theoretical computations of the effect of temper-
ature gradient on burst speed. Neither the theoretical nor
the experimental results indicate a very significant effect of
temperature gradient; what influence is present is due
primarily to the effect of temperature on material properties,
rather than to thermal stress.

This investigation emphasizes the importance of cycling in
the thermal stress problem compared with the single applica-
tion of thermal stress in a material of moderate ductility.
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Ficure 29.—Comparison of total tangential stress with centrifugal-
tangential stress (from ref. 12).
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LOCOMOTIVE WHEELS

The problem of thermal cracking of locomotive wheels is
nearly identical with that of the turbine wheel. During
braking action these wheels must absorb so much energy
that the rims rapidly become heated to temperatures in the
vicinity of 1000° F before the temperature at the center of
the wheel is appreciably raised. Thus, compressive thermal
stresses are induced at the rim, with attendant plastic flow,
and residual tensile stress occurs upon return to uniform tem-
perature. After a sufficient number of cycles, rim cracking
occurs which rapidly spreads, finally causing total wheel
fracture. Figure 31 (ref. 13) shows typical wheel fractures
produced in service. To prove that these fractures were
associated primarily with thermal cracking, laboratory
tests were conducted simulating the thermal gradients,
and wheel fractures such as those shown in the lower half
of figure 31 were obtained.

Reference 13 presents considerable discussion of the
thermal stress problem, and further reference will be made
to this work in the remaining section of this report.

SOME PRACTICAL ASPECTS OF THERMAL SHOCK
RESISTANCE

Throughout the report the emphasis has been on the
complex nature of the thermal shock phenomenon, especially
as related to ductile materials. It is desirable now to sum-
marize some of the aspects of this problem that have, from a
practical standpoint, been found to be important. Illus-
trative examples will be drawn from the literature. The
variables discussed are, in the main, the components of the
simplified thermal shock formulas, equations (7) and (8).

EFFECT OF STRESS CONCENTRATION

In brittle materials the stress at a point of stress con-
centration is usually the governing stress leaning toward
failure. Hence, stress concentrations are certainly of the
greatest importance in the thermal shock of brittle materials.
In ductile materials, stress concentrations are not of the
utmost importance for a single application of loading, but
become as important as in brittle materials as the load is
applied cyclically. As previously discussed, thermal failure
in ductile materials generally occurs only after several appli-
cations of the shock inading. Hence, stress concentration
is of great importaucs even in ductile materials. This is
especially true if the metallurgy of the material is severely
affected by localized plastic flow. Several illustrations of
the importance of stress concentration will be presented
from experimental evidence in the literature.

Turbine disks.—In some cases the geometry of a part is
such as to make stress concentration inherent. Frequently
it is possible, however, to provide a measure of relief, for
example, by drilling of a stress-relieving hole at the base of
the notch. The case of the turbine disk with welded blades
has already been cited as one involving inherent stress
concentrations. A laboratory investigation (ref. 14) was
conducted to follow up the rim cracking problem in disks

subjected to high temperature gradients. In this investiga-
tion, series of stress concentrations of different magnitudes
were imposed by providing discontinuities of different types

NOT REPRODUCIBLE

(a) Wheel fracture produced in service.
(b) Wheel fracture produced in the laboratory.

Fieure 31.—Typical wheel fractures (from ref. 13).

at the surface of the disk, as shown in figure 32. These disks
were parallel-sided and of 13%-inch diameter; and semi-
circular notches of three different radius sizes as well as
sharp 60° notches were machined into the surface. The
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failures always occurred first at the base of the sharpest
notch. These tests were followed by attempts to improve
the resistance of the disks to thermal cracking by drilling
small holes beneath the base of the notch. In general, it
was found that these holes had a beneficial effect in at least
retarding the initiation and propagation of the cracks.
Combustion-chamber liners.—Another investigation that
pointed out the importance of stress concentration in thermal
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Ficure 32.—Notched-rim disk used in thermal stress investigation
(from ref. 14).
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fatigue was described.in reference 15, which concerns the
determination of the mechanisms of failure of turbojet com-
bustion liners. Such liners, shown in figure 33, serve the
purpose of properly distributing the air into the combustion
chamber. The circular holes feed the air into the combus-
tion chamber, and the fouvers shown in the center of each of
the two combustion liners cool the liner in the areas between
the holes. These louvers are fabricated by first punching
the liner and then bending the flap out of the plane of the
liner. The geometry of the louver can better be seen in fig-
ure 34, which is a photograph of the louver as well as of the
stress-relieving holes at the base of the louver. Also shown
are various types of cracks that occur in operation. Although
the circular holes are intended for relieving the stress at the
effective notch present at the base of each louver, it was
found that the fabrication of these holes by punching intro-
duced highly worked metal and irregularities in the periph-
ery of the hole that acted as further stress concentrations.
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Froure 33.—Combustion-chamber liner construction (from ref. 15).

By reaming, sanding, and vapor blasting the punched edges,
the resistance to thermal cracking was vastly improved.
Table V shows the experimental results where a comparison
is presented of the number of cracks measured in seven liners
in the as-fabricated condition and seven liners in the im-
proved condition. A large reduction occurs in the number
of cracks at the two inspection periods conducted after 8
hours and 20 minutes and after 16 hours and 40 minutes of
engine operation.

Stress concentrations resulting from operation.—In some
cases the stress concentrations are not built in, but are pro-
duced as a result of operating conditions. For example,
surface attack can produce discontinuities that act as stress
concentrations. In an investigation on the thermal shock
resistance of nozzle blades, Bentele and Lowthian (ref. 9)
found that if the test blades were polished and etched after
every 250 cycles in a mild chemical solution, the crack resist-
ance was vastly improved. They attributed this improve-
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ment largely to the removal of surface irregularities by .the
mild chemical change without, however, an appreciable
attack by the chemical on the grain boundaries. Prior tests
in which aqua regia had been used to remove surface scale
for inspection purposes had definitely reduced thermal shock
resistance of the material and led to early intercrystalline
cracking. These results point to the importance of surface
attack, and in a later section the possibility of avoiding such
attack by the use of surface coatings will be discussed.

EF}“ECT OF CONSTRAINTS

Thermal stresses result from constraints that prevent free
expansion of the various sections of the part under consider-
ation. While in many cases the constraint is inherent in the
physical continuity of the part, it frequently is possible to
incorporate some measure of relief by proper design. Fol-
lowing are several illustrative cases.

Turbine wheels.—In the turbine wheel, for example, the
use of the fir-tree-type attachment enables the designer to
provide a loose fit between the blade and disk. The clearance
can then be used for at least partial expansion in the rim
region where the temperature is the highest. Even in tur-
bine disks with welded attachments, it is possible to improve
the thermal stress resistance by providing a slot (fig. 35)

Most common type of crack

~ Large bucljand typicol crack enlorged ) ~ C-20562

Ficure 34.—Typical eracks and buckle at louver (from ref. 15).

Fiouvre 35.—Welded klade attachment with keyhole slots (from ref.
11).

between the blades. The hot rim may then expand and
partially close the slot. The use of stress-relieving holes at
the base of the slot probably is good practice.

Turbine nozzles.—In turbine nozzle vanes, constraint is
sometimes minimized by means of the arrangement shown in
the right side of figure 36. The left side shows an early form
of design in which the nozzle vanes are welded at both ends
onto thick rings. The outer ring is at lower temperature
and therefore does not expand so much as the blades. Free
expansion of the blade is thereby prevented, which condition
induces high compressive plastic flow followed by residual
tensile stress; successive repetition produces thermal fatigue
failure. If the nozzle vane is floated in cut-out sections of
ring, the blades can expand freely and the ring serves only to
position the blade.

* Fined Floating

Frcure 36.—Nozzle diaphragm.
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Ficure 37.—Calculated temperature distribution in blade after 4
seconds cooling (from ref. 9).

It should be emphasized, of course, that this free-Aoating
design does not completely remove stress in thermal shock
because the blade still does not cool uniformly when subjected
to a blast of cold air. Figure 37 shows the computed temper-
ature distribution in a nozzle vane investigation by Bentele
and Lowthian (ref. 9). This temperature distribution was
computed for a time 4 seconds after the application of an air
blast onto the blade initially at 850° C. The surface is, of
course, at a much lower temperature than the interior of the
blade. = By idealizing the geometry of the nozzle vane and
computing the stresses by an approximate method, Bentele
and Lowthian found an elastic stress of over 100,000 pounds
per square inch tension near the leading edge. This stress
was well above the elastic limit of the material and obviously
plastic flow must have occurred. The location of ultimate
failure in thermal cycling agreed with the predictions based
on elastic stress analysis.

The use of hollow nozzle vanes probably improves thermal
shock resistance by reducing thermal inertia and by evening
out temperature distribution. Air cooling through the
hollow vanes, of course, further improves the thermal shock
resistance, but even without cooling the hollow blades
should give better performance in addition to reduced weight
and strategic material content considered so important at the
present time,.

SIZE EFFECT

Large size is really nothing more than the addition of
constraint, since in a body of large size the portion uridergoing
rapid temperature change is generally prevented from expan-
- sion or contraction by a massive section which does not
perceive the imposed temperature change for an appreciable

. cooled at their outer surface.

period of time. A laboratory investigation conducted to
study size effect on brittle materials will now be described,
and then several practical cases involving size effect will be
discussed.

Laboratory investigation on brittle materials.—Figure 38
shows some test results to demonstrate size effect in brittle
materials. The tests were conducted on geometrically
similar specimens of steatite, cooled in such a manner that
they acted essentially as infinite hollow cylinders rapidly
The specimens were first
heated to a uniform temperature and then quenched at
their surface by air, and in other tests, by water. The
initial temperature difference between the specimen and the
coolant required to cause fracture in one cycle was measured.
An analysis, similar to that shown earlier for the flat plate,
can readily be made to indicate that this initial tempera-
ture difference should vary linearly with the reciprocal of
diameter, which is well verified in figure 38. TFor a given
specimen diameter the water quench, which is more severe
and for which the value of B is greater than for the air

" quench, required lower initial temperature differences to

produce failure. Both straight lines intersect the vertical
axis at a temperature value of approximately 250° F. The
intercept on the vertical axis represents the case of infinite
size, or complete constraint, and the value of this intercept
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F1cure 38.—Size effect in thermal shock of steatite.
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Ficure 39.—Thermal-shock resistant rocket nozzle.

should be o,/FEa for steatite. Based on the data given by
Buessem (ref. 3), the value of 250° F is in good agreement
with the theoretical value for this material.

Figure 38 is presented chiefly to demonstrate the recip-
rocal nature of thermal shock resistance to size, and also to
point out that there is a temperature difference below which
failure will not occur, even for infinite size.

Built-up structure.—In some cases it may be possible to
minimize size effect by building up a large structure from
small units, each of which is highly resistant to thermal
shock because of its size. Figure 39 shows a conceivable
arrangement for a rocket nozzle liner. The small blocks
might have to be lightly cemented together, or held together
by a wire mesh, for mechanical reasons; thermally they

Cs-6162

Freure 40.—Cross sections of thick, intermediate, and thin plate
wheels (from ref, 13).

would act independently and they would be greatly superior
in thermal shock.

Effect of massive cores.—Temperature changes are
usually imposed at the surface; it is prevention of expansion
or contraction by the inner core that induces thermal stress.
The use of hollow nozzle vanes in this connection has already
been referenced; other examples can be found in the loco-
motive wheels and the turbine disks. Figure 40 shows
three locomotive wheels investigated by Schrader and
coworkers in reference 13. All wheels have the same hub
and rim, but the thickness of the plate, which connects the
hub to the rim, has been varied. The reasoning here was
that as the rim is heated by the braking action its [ree
expansion is prevented by the plate. Hence, a thinner
plate might offer less constraint and thereby improve life.

The results of the tests of reference 13 are shown in figure
41. Three conditions of heat treatment are shown, and in
all cases the Y%- by %-inch wheel, the thinnest of the three,
lasted by far the greatest number of test cycles.

Likewise, figure 42 (ref. 11) shows the results of some ana-
lytical studies on turbine disk profiles. The solid profile is
the disk previously deseribed, and the solid lines represent
the radial and tangential stresses in this disk based on the
measured temperature distribution in the central plane.
The dotted profiles represent redesigns that reduce the weight
as well as the stress.

Effect of localized strain absorption.—In some cases
geometrical configuration dictates that the total thermal
elongation of a large portion of a body be equaled by the
elongation of a small section. The unit elongation or strain
in the smaller section is thus greater than the strain in the
larger section. TFigure 43 schematically indicates a simple
case of this type. Sections B and C are assumed to be of
equal temperature, but lower than that of sections A by a
value of T4. If the entire body is unstressed when at uni-
form temperature, the thermal elongation a47.ls, where
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Figure 41.—Effect of plate thickness on number of drag tests required
to produce fracture (from ref. 13).
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Ficure 42.—Elastic stress distribution for various disk profiles (from
ref. 11).

@4 is the coefficient of expansion and [, is the length of
section A, must be matched by an elongation due to stress
in sections B and C. If the cross section of B is massive
compared with that of C, all the strain is induced in section
C. Thus, if ¢ is the strain in C,

€clc=0£ATAlA (16)
or
la

€c=z—'aATA
¢

(168)

In the elastic range the stress induced in C as a result of this
strain is

l
o= Eeeemi4 BT, 7
(4
where E, is the elastic modulus of section C.
The foregoing case illustrates the very important fact that
geometrical configuration may impose a stress and strain
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multiplication factor. The product EoT; is sometimes
thought of as the maximum stress due to temperature
change T, that can be imposed at & point, since this product
represents the stress required to constrain completely the
thermal dilation. It is seen, however, from this example
that the maximum stress in the system may be many times
the stress for complete constraint, depending on the value
lafle. - Thus, unusually high stresses are frequentlyimposed
on the weakest member of a system. If C were, for example,
8 weld of small axial dimension compared with sections A
and B, the ratio l4/I, would be very large, and failure of the
weld would occur at low temperature differences in the
system.. This failure would be due not to poor strength of
the weld metal, but rather to poor design, which requires
large elongations to be matched by high localized strains.
In the case of welded structures, the high stresses and strains
may also result if the body is at uniform temperature if the
various components have different coeflicients of thermal
expansion. This illustration thus emphasizes one of the
many reasons welds are so sensitive to thermal cyeling.

EFFECT OF INITIAL SURFACE STRESS

In some cases it is possible to introduce initial stresses that
counteract the effect of thermal stress and thereby improve
thermal shock resistance. The use of shot blasting, for
example,,in order to introduce compressive surface stresses
has been amply demonstrated in the case of mechanical
fatigue at room temperature. The same idea can be applied
to parts operating at high temperature provided the tempera-
ture is not so high as to anneal the induced stresses. In
some cases the surface stresses should be tensile, in others,
compressive; and illustrations of each will now be presented.

Residual tension.—In the case of turbine wheels, the
operating stresses are compressive; hence, it is desirable to
introduce a residual tensile stress to offset the operating
stress. This can be achieved when the wheel is constructed
in two parts, such as shown in figure 44. The central region,
where the temperature is low, is usually made of ferritic
material that can easily be forged and has good low-tempera-
ture strength. The rim region is generally made of austenitic
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Ficure 43.—Cross section of body in which large stress and strain
are induced in small member as a result of temperature change in
large member.
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material which has good high-temperature strength, neces-
sary for resisting the high temperature in this area. The
two parts are joined by providing space for weld metal,
as shown in the figure. One practice that has been followed

" is to heat the rim region to a higher temperature than the

central region before insertion of the weld metal. When
the rim cools, it therefore effectively shrinks onto the center
region and sets up a system of residual stresses, tensile at
the rim and compressive at the center. In subsequent
operation the induced thermal compressive stress at the
rim is counteracted by the initial tensile stress. In the lower
portion of the figure is shown the stress distribution that
would occur in this case if the temperature differential of
400° F were maintained between the rim and the center
region during the welding procedure. This stress distribution
is calculated for the disk previously discussed for which,
without this shrinking practice, the compressive stress at
the center would be about 60,000 pounds per square inch
and at the rim, over 100,000 pounds per square inch. The
only region that suffers from high stress is the region immedi-
ately adjacent to the weld. A small amount of plastic
flow may take.place in this region, but the temperatures in
this location are lower than at the rim, and there are no
geometrical stress concentrations.
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F1GURE 44.—Stress distribution in welded and shrunk disk (from
’ ref. 11). .

Residual compression.—In some cases the desirable initial
stress is that of compression. Westbrook and Wulft (ref. 16)
have, for example, made a very extensive investigation on
the possibility of inducing suitable initial stresses in hollow
circular cylinders. Their project was conducted in con-
nection with the guided missile program and the interest
was primarily in rocket nozzles. They therefore considered
hollow eylinders that were suddenly heated in the center
by a Globar rod to simulate the sudden application of com-
bustion in the rocket nozzle. An early finding was that
failure resulted first at the outer surface of the cylinder
where the induced stresses were tensile. The inner surface,
which heated more rapidly than the outer surface, was pre-
vented from expanding and was thereby placed in compres-
sion, while the outer surface was forced to expand more than
it would have in accordance with its temperatures and
therefore was placed in tension. Although the compressive
stresses in the inner surface were higher than the tensile

Frcure 45.—Photograph of metal-sprayed ceramic test cylinder
machined and ready for thermal shock test (from ref. 16).

stresses on the outer surface, the materials investigated
were more sensitive to tensile stress than to compressive
stress, and failure occurred on the outer surface. Also in-
vestigated in reference 16 was. the possibility of inducing
residual compressive stress at the surface by shrinking metal
onto the cylinder (see fig. 45).- It was realized at the outset
that merely shrinking a metal cylinder onto the ceramic
core by heating the cylinder and then allowing it to cool
over the core would not be satisfactory. Such an applica-
tion would introduce compressive stress only in the tangen-
tial direction, not in the axial direction. Since in a long
cylinder the induced stress in the axial direction is equal to
that in the tangential direction, failure would then occur in
the axial direction. It was therefore concluded that & metal-
spraying technique would be most desirable. Figure 46,
taken from reference 16, shows a method of spraying. The
metal to be sprayed on the cylinder is fed through the center
of a spray gun, and together with this metal are fed com-
pressed air and oxyhydrogen gas. Combustion of the air
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Fi6urRE 46.—Schematic drawing showing action of wire-type metal
spray gun (from ref. 16).
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FIcURE 47.—Thermal shock tests in alumina cylinders (from ref. 16)

and fuel causes the metal to melt, and the high pressure of
the fuel causes the molten metal to spray onto the cylinder.
When the particles of molten metal strike the cold cylinder,

they contract in all directions and thereby induce stresses
not only in the circumferential direction but also in the axial
direction. In this way beneficial residual stresses are in-
duced in the ceramic cylinder. Figure 47 demonstrates the
results of their tests. The alumina cylinder metallized
with Ys-inch nickel did not fail, while in the same test the
unmetallized cylinder broke into many pieces.

Shown in figure 48, taken also from reference 16, are more
complete results on the effect of metallizing on thermal
shock resistance of alumina cylinders. The thermal shock
resistance is plotted as a function of the ratio of metal to
ceramic thickness. With molybdenum as a spray coating,
all thicknesses of metal improved the thermal shock re-
sistance, although with thickness ratios greater than one-
half, the additional improvement was relatively small. For
copper and stainless steel coatings of small thickness the
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TFravre 48.—Effect of metal/ceramic thickness ratio on thermal shock
resistance of metal-sprayed cylinders (fromn ref. 16).

coating reduced the thermal shock resistance, but for very
large thicknesses the thermal shock resistance was improved.
The interaction of the coating and the ceramic under thermal
shock conditions is concluded in the report to be in relatively
complex relation. From the practical standpoint, it is dem-
onstrated that improvement in thermal shock resistance
can be obtained by metallizing. The possibility of inducing
beneficial surface stresses by wire winding and by quenching
is also discussed in reference 16, but no data are presented to
substantiate the theory.

Stress relaxation.—It is, of course, important to emphasize
that the beneficial effects of prestressing can persist only if
the operating temperatures are not so high as to cause relax-
ation. No data are available on the subject of stress relax-
ation as applied particularly to the subject of thermal shock.
However, important conclusions can be drawn from an in-
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vestigation conducted in connection with high-temperature
fatigue. A program was conducted to determine the effect of
surface finish and surface working on the fatigue properties of
low-carbon N—155 alloy (ref. 17). Some of the results are
shown in figure 49. In the upper part of the figure are shown
curves of the stress versus the number of cycles to failure at
room temperature for the material in three conditions of sur-
face treatment. The specimen with roughened surface had a
greater strength than the polished and the ground specimens.
While this is contrary to normal finding in fatigue tests, the
improvement due to roughening was attributed to cold work
induced in the surface by the roughening procedure. So
much cold work was induced that the concurrent detrimental
effect of irregularities in the surface was overcome, and the
net effest was beneficial. Similar specimens were subse-
quently tested at higher temperatures and the beneficial
effect of roughening was found to be reduced. At 1350° F
specimens with all surface conditions had essentially the
same strength as shown in the lower part of the figure.
Thus, at 1350° F all the beneficial effects of working were
annealed in this particular material. For further verifica-
tion of this conclusion, specimens were held in the three
surface conditions at 1400° F for 4 hours and were then tested
at room temperature. Instead of three curves, as indicated
in the upper part of figure 48, for each condition of surface
treatment, only one curve was obtained; thus, it was shown
that holding the material at the high temperature had re-
moved the beneficial residual stress. From a thermal shock
or thermal stress standpoint, these results are significant
because they emphasize the importance of operating tem-
perature on the effectiveness of any prestressing operation.

EFFECT OF SURFACE COATINGS

In addition to providing a means for inducing suitable sur-
face stresses, surface coatings have at least two other bene-
ficial effects in relation to thermal shock—protection from
deleterious atmosphere and thermal insulation.

Atmosphere protection.—As previously discussed, oper-
ation at high temperatures has very detrimental effects on
the metallurgy of the material. While some of these effects
are inherently associated with the high temperature and
cannot be avoided, others relate to the high temperature in
conjunction with a detrimental atmosphere. For example,
as the surface of a specimen oxidizes, the thermal shock
cycles do not test the original material but the resultant
surface oxide. The oxide is usually weak and brittle and the
material becomes poor in thermal shock resistance. Further-
more, intergranular penetration produces effective notches
at the surface. The application of a ceramic coating may
retard the oxidation effect and enable the material to retain
its inherent shock resistance. The National Bureau of
Standards has conducted extensive research directed at find-
ing suitable protective coatings for materials that require
surface protection. For example, some of this work has
been toward finding a ceramic coating for the titanium carbide
plus cobalt cermet under consideration for turbine application.

. These cermets have good thermal shoek resistance and good
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Fiourg 40 —Effect of surface treatment on fatigue properties of
low-earbon N-155 (from ref. 17).

strength, but in service are attacked by oxidizing atmos-
pheres. A coating was developed that retards the surface
attack; and it was found that thermal shock resistance of
coated specimens was much superior to that of uncoated
specimens. A summary of some of the National Bureau of
Standards’ results is shown in table VI, which is taken from
reference 18. The thermal shock in this case consisted 1n
heating a cylindrical specimen for 5 minutes at a given tem-
perature, withdrawing it from the furnace, and submerging
one end to a depth of 1 inch in water at room temperature.
If no failure occurred, the temperature was increased 100°
and the cycle repeated. The temperature at which the first
failure occurred is shown in the two columns at the right
for each of the prior heat treatments. A comparison with
those protected by the ceramic coating shows that heating
the specimens without a coating at 1650°, 1800°, 2000°, and
9900° T for the various numbers of hours indicated had a
detrimental effect on the thermal shock resistance, as indi-
cated by the lower temperatures required to cause initial
failure shown in column 3.

Thermal insulation.—Another beneficial effect of a surface
coating is the action as an insulator which effects a reduction
in heat-transfer coefficient to the test surface. As shown by
equations (7) and (8), thermal shock resistance is directly
proportional to the heat-transfer coefficient, except for the
most drastic of quench conditions represented by very high
values of 8. In the solution of transient temperature prob-
lems, the heat-transfer coefficient is sometimes modified by
substituting an equivalent film of conductive material at the
surface of the test body. Thus, high heat-transfer coeffi-
cients are represented by taking very thin films, and low
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FicurE 50.—Thermal shock crack in 11.8 weight percent (7.8 volume
percent) iron plus titanium carbide cermet.

heat-transfer coefficients, by taking thick films. The pres-
ence of a ceramic coating increases the equivalent surface
film thickness and makes any imposed thermal shock less
severe than it would be without the film. Even if the ceramic
coating cracks, it may still act as a heat-retarding medium
and reduce the severity of the shock at the test surface. No
analysis has been made of this insulation effect, but it is
believed to be an important function of a surface coating,
especially when the imposed thermal shock is of short
duration.
EFFECT OF DUCTILITY

Duectility is one of the most important characteristics which
affect the thermal shock resistance of a material. If the
environmental temperature and atmosphere are not such as
to destroy ductility by embrittlement, the ductile material
will withstand considerably more severe thermal shocks
than brittle materials of comparable tensile strength and
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Freurr 51.—Operating temperatures (from ref. 20).

other mechanical and thermal properties. One of the con-
cepts that led to the development of the metal-ceramic com-
binations known as cermets was the thought that the metal
would impart ductility to the combination, and thereby impart
good thermal shock resistance. In practice this hope has
not been fully substantiated. Despite appreciable metal
content, many cermets show no measurable ductility at room
temperature and only very minor ductility at high tempera-
ture. But even this small ductility greatly improves the
thermal shock resistance. Some evidence of ductilityin the
thermal shock test of a cermet is shown in figure 50. This
figure was obtained in connection with the work of reference
19, although it was not published therein. The photo-
micrograph shows the cracks induced in a cermet of titanium
carbide and iron. The large dark arcas are the cracks, and
in between these cracks are arcas of continuous metal phase
that are apparently elongated ; that is, the width of the metal
band is much greater in this area than in other areas of the
photograph. The evidence of ductility given here is only
slight, and perhaps inconclusive, but it is believed that cer-
mets do show some ductility in thermal shock tests at high
temperature, :

EFFECT OF CONDUCTIVITY

The significance of conductivity on thermal shock resist-
ance of brittle materials has already been discussed in the
first part of this report. Although, under very unusual
circumstances, high conductivity may be undesirable, the
usual case is that good conductivity improves thermal shock
resistance. Not only does good conductivity generally
reduce stresses during the thermal shock process, but it
frequently reduces working temperatures and hence brings
many metals into an operating temperature range where
their strength is greater. Haythorne (ref. 20) rates con-
ductivity as one of the most important properties in high-
temperature applications of sheet metal. In these tests,
tubes 2 inches in diameter and 5 inches in length were
subjected to a gas flame impingement 1% inches from one
end. It was demonstrated first that operating temperatures
bear an inverse relation to conductivity. Some of the
results of reference 20 are shown in figure 51. Here the
temperature distribution along the length of the tube is
plotted for several different materials. The high-temper-
ature materials, which have poor conductivities, are seen to
operate with a peak temperature in the neighborhood of
2000° F and a minimum temperature of 550° F at the far
end of the tube. A good conductor, such as copper, shows a
maximum temperature of 1530° F and no other temperature
below 1100° F. Copper does not, of course, have the
strength or corrosion resistance to withstand operating con-
ditions. The desirable characteristics of both the high-
temperature materials and the-good conductors are combined
in a clad material. Figure 52 shows the test results. The
number of test cycles which the Inconel-clad copper sheet
withstood compared with the other materials is very striking.
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Cermets, too, owe part of their superior thermal shock
resistance to high conductivity. Although in the case of
titanium carbide cermets the conductivity is not much
better than that of the titanium carbide itself, many cermets
involve the use of ceramics of poor conductivity and the
metal additions help greatly to improve the conductivity and
thermal shock resistance.

EFFECT OF COEFFICIENT OF EXPANSION

Tn brittle materials thermal shock resistance is inversely
- proportional to coefficient of expansion in all ranges of the
nondimensional heat-transfer index 8. Hence, any reduc-
tion that can be made in expansion coefficient will effect a
proportional increase in thermal shock resistance. Even in
ductile materials, the coefficient of expansion is of major
importance. Obviously, in the extreme, if the coefficient of
expansion is zero there will be no thermal stress. Materials
of low coefficient of expansion involve low thermal strain and
stress, and therefore should, everything else being equal, be
superior in thermal shock resistance to materials of high
coefficient of expansion.

For brittle materials, considerable use has been made of
the concept of reducing coefficient of expansion to gain in
thermal shock resistance. Pyrex, a silica glass, owes its
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Tieure 52.—Summarized results of flame impingement test (from
ref. 20).
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Fioure 53.—Typical thermal expansion curves of various Stupalith
compositions (from ref. 21).

outstanding thermal shock resistance to its very low coeffi-
cient of expansion. Unfortunately, it is poor in creep resist-
ance and therefore does not lend itself especially well to
applications involving prolonged stress at high temperature.

Recently there has been developed a new series of ceramics
known as Stupalith. These ceramics are produced from -
blends of lithium-bearing materials and clay, or blends of
other ceramic raw materials to obtain the desired ratio of
lithia, alumina, and silica. By variations in composition,
the coefficient of expansion can be controlled over a wide
range and can even be made negative. The main advantage
lies in the fact that it can be made close to zero. Figure 53
(ref. 21) shows typical expansion curves for various Stupa-
lith compositions. Material A has a positive, but low
coefficient of expausion; the coefficient of expansion of
material B is very close to zero; while materials C to D have
negative coefficients of expansion, that is, they contract upon
heating. The zero-expansion material is said to have out-
standing thermal shock resistance. The manufacturers test
their materials by heating specimens to 2000° F and then
dropping them into liquid air at —310° F. Itisclaimed that
this procedure can be repeated 100 times without ill effect.
The geometry of the specimen is not disclosed, but it is pre-
sumed that the type of test is severe stresswise. They sug-
gest the use of these materials for turbine blades, nozzle
inserts, and other jet and internal combustion engine parts.
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EFFECT OF ELASTIC MODULUS

In the case of brittle materials, thermal shock resistance is
inversely proportional to elastic modulus. Hence, low
elastic modulus is an asset to good thermal shock resistance.
Graphite, for example, owes its good thermal shock resist-
ance, at least in part, to its very low elastic modulus, approxi-
mately 0.7X10° pounds per square inch. While the major
attribute of pyrex glass is its low thermal coeflicient of ex-
pansion, it should be noted that its outstanding over-all
characteristic is due also to its relatively low elastic modulus,
approximately 8.5X10% pounds per square inch.

Cermets, and some of the other newer materials under
development, are characterized by extremely high elastic
modulus. For example, the elastic modulus of an 80 percent
titanium carbide plus 20 percent cobalt cermet is 603<10°
pounds per square inch, twice that of steel. Were it not for
the outstanding conductivity, strength, and possibly duc-
tility, this large elastic modulus would be a great drawback
in its thermal shock resistance.

In ductile materials the elastic modulus is probably also
important, but not so much as in brittle materials. Bentele
and Lowthian (ref. 9), in summarizing the German nozzle
vane tests, state that the number of cycles to failure was
inversely proportional to the one-third power of elastic modu-
lus, although the relation was valid oaly in a limited range of
number of cycles to failure, In any case, thermal shock
resistance bears an inverse relation to elastic modulus, all
other factors being equal.

JOINING OF DISSIMILAR METALS

The problem of thermal stress and thermal shock is one of
extreme importance in the field of welding. Here, dissimilar
metals are joined together, these dissimilar metals being
either parts welded together or the weld metal. Differential
thermal expansion between the different metals, cracks ini-
tiated during the welding, friction oxidation between the
welded parts, and metallurgical interaction between the
dissimilar materials all contribute to loss of thermal shock
resistance. This subject is very extensively discussed in a
recent survey by the Welding Research Council (ref. 22).

CONCLUDING REMARKS

The important points shat have been indicated in conneec-
tion with the behavior of materials under thermal stress
conditions may be summarized as follows:

1. It has been emphasized that the best measure of thermal
shock resistance in brittle materials is the determination of
a temperature difference that will cause failure in one cycle.
Not only does this procedure render the problem tractable
to analysis without introducing the complications of thermal
fatigue, but the experimental results for the single-cycle type
of test are usually reproducible and contain a minimum of

" scatter. It is recognized, however, that the practical con-
sideration really involves the number of cycles of a given
nature that a specimen can withstand without failure. Hence
tests of both the single-cycle and multiple-cycle failure may
be necessary before a valid comparison can be made among
materials,

2. Simple formulas have been presented for thermal shock
resistance by the single-cycle criterion. These formulas in-
volve both indices now recognized in the literature, ko,/Ee
and o,/Ea. Neither index can, therefore, by itself provide a
basis for rating materials under all test conditions. Most
practical cases fall, however, in the range where ko,/Ew is the
primary index for rating brittle materials. It is only under
the most severe of shock conditions that the ¢,/Fa index
predominates; in general, therefore, this index usually merely
modifies the key/Fa index. Hence, in most cases thermal
shock can be improved by increases in conductivity. It
should also be emphasized that the formulas apply only to
the infinite flat plate, but similar formulas could probably
be derived by the same method for other cases involving
one-dimensional heat transfer. Likewise, it should be em-
phasized that the formulas are applicable only when the dura-
tion of the shock is long enough to permit the maximum
stress to be developed. There are practical cases when shock
duration is low, and therefore other criteria may prevail. In
the case of rocket nozzles, for example, it might be advan-
tageous to use materials of low conductivity rather than the
better conductors. Each case requires a separate analysis.

3. It is important to test the materials under conditions
not far different from the intended test application; other-
wise, relative merits of materials may interchange and ex-
perimental results may give erroneous predictions.

4. It has been emphasized that for ductile materials the
single-cycle criterion is not practical because it is rare that
failure can be achieved in one cycle. The use of the multiple-
cycle criterion further complicates the already complex prob-
lem which involves metailurgical processes occurring during
and in between thermal shock cycles. Some of these proc-
esses have been discussed and, their potential relation to
thermal shock resistance indicated. In view of the impor-
tance of metallurgical processes, and of the importance of
temperature influence on action of metallurgical processes,
the danger of conducting tests under artificial conditions
becomes strikingly evident. Increasing temperatures in
order to accelerate failure may introduce spurious metal-
lurgical effects, foreign to the behavior of the materials under
their true working conditions. Hence it is very important
that the tests simulate the operating conditions irrespective
of whether this entails a larger number of tests before failure
oceurs.

5. A number of important variables have been outlined
which can actually assist in producing designs of improved
thermal shock resistance. Among these, emphasis has been
placed on the reduction of stress concentrations and con-
straints and the introduction of favorable initial stress and
surface protection. Control may also be exercised over the -
metallurgical variables, but first much research towar
understanding them is necessary. :

Lewis FricaT PropursioN LABORATORY
NarioNAL Apvisory COMMITTEE FOR AERONAUTICS
CLEVELAND, OHI0, December 19, 1952
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TABLE L—CORRELATION OF MATERIAL PROPERTIES WITH RESISTANCE TO FRACTURE BY THERMAL SHOCK
Thermal shoek cycles before failure
Coefficient of Thermal Effective Tensile
thermal conduetivity, modulus of strength KS
Order of sverit of materials evaluated in thermal shock Temperature, °F expansion, «, | K, Btu/in./hr/ olasticity at at 1800° I, —
in./in.,°F sq ft/°F 1800° F, E, S, Ibjsq in. akl
1b/sq in.
1800 2000 2200 2400
Alloy A (8) | cecace | emamee | eeeo-- 8.24X107¢ 140 0.10X107 33, 300 566, 000
80 percent TiC4-20 percent Co 25 25 25 625 5.5 240 6.0 34, 600 25, 200
TIC 25 25 25 17 4. 56 ¢ 240 6.0 17,200 15,100
25 F J RN 5.1 104 4,28 6, 200 2,950
S W IR (SO 2.5 11,8 2.4 8, 700 1, 70
¢ AU [P, [, 7.69 1640 1.24 3, 100 520-1300
[ ISR SRROREE [, d5.53 d414,3 42,5 6, 750 704

» Not yet evaluated, but probably best of all materials given.
b No failure. R

TABLE IIL.—RELATIVE REDUCTION OF THERMAL SHOCK
CYCLES WITH INCREASE IN TEMPERATURE

o (aTl—-2e,)l]
Ny aTi—2ey

rEvalua- Relative reduction of thermal shock cycles at
tion tem- comparison temperature of—
pegature,
F 1000°F | 1200°F | 1400°F | 1600° F
1000 1.0
1200 4.7 Lo
1400 12,6 2.8 1.0
1600 27 5.8 2.1 1.0
1800 49 9.7 3.9 1.6

TABLE IV.—RELATION BETWEEN THERMAL SHOCK
RESISTANCE AND IMPACT STRENGTH

Alloy 8-816 | S-590 | Stellite 21 | 422-19 | X-40 Steilite 6
86 34 24 6 7,6 2,12,4
Cycles to failure. ... 104 34 30 6 7,7 2, 2,2
105 36
Charpy V-notch impact ‘ i
strengthk at 70° ¥ (ft-1b)_| 4.7 3.3 2.9 1.6 23 2.4

s Value for 80 percent TiC+20 percent Co.
d Value for Zr0Os.

TABLE III—THERMAL SHOCK TESTS IN NOZZLE BLADES

’ Material Ni* No**

No. Alloy M. | A B. :
1 834 | ... | 360 l
2 1645 | ... 5 |
5 130 | 80 137 |
9 88 | oo | v |

10 w2 | w0 | Ll

14 1800 | ... | 36

18 1393 83

19 1050 94

21 128 | -1 4

*N;. Number of eycles at 650-700° C before the onset of distortion or cracking.
**Nz. Number of cycles at 850-900° C before the onset of:

(a) Distortion.

(b) Cracking.
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TABLE V.—EFFECTS OF REAMING, SANDING, AND VAPOR

REPORT 1170—NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS

BLASTING OF PUNCHED EDGES ON
COMBUSTION-CHAMBER LINERS

CRACKING OF

Time in Average num-
accelerated ‘})‘éﬁrgggrggg' ber of eracks in
life runs in seven as. | seven reamed,
fabricated | Sanded, and
. liners vapor-blaste
hr min liners
8 20 8.43 1.86
16 40 20. 29 9

TABLE VI.—EFFECT OF CERAMIC COATING ON THERMAL
SHOCK RESISTANCE OF CERMET

Treatment before thermal
shock Temperature | Temperature
of 1st failure | of 1st fajlure
withnocoat-| of coating
Time, hr Tcmr)oekgature, ing, °F (2 coats), °F
400 1650 1300 >2200
200 1800 1200 2200
100 2000 1500 >2200
50 2200 1600 2200
»
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